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OBJECTIVES

Develop a near-field phased array antenna test system for production test acceptance
of Navy radar antenna systems, and provide industry with a new testing technology, as part
of the Navy’s Manufacturing Technology (MT) program.

RESULTS

1. RCA Corporation, partially supported by contract with the Naval Ocean Systems
Center (NOSC), developed two major elements of a test acceptance test system: 1) a
programmed scanner for scanning a waveguide probe aver the radiating face of the antenna,
and 2) requisite system computer programs.

2. At the time this report was written, the completed RCA-developed system was

being used to test AN/SPY-1 antenna faces being manufactured for the AEGIS weapon
system. '

3. The nearfield testing technique saves money over the traditional fapfield tech-

nique, and the near-field approach provides better data for acceptance or rejection decision
makirg.

RECOMMENDATIONS

1. Future testing of AEGIS antenna assemblies be done by the near-field method.

EY

2. Since the success of new near-fleld antenna testing systems depend on the
quality of plunning, it is recommended that planning problem areas be given specific attention.
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SUMMARY

A unique near-field phased array antenna test system has been developed by RCA
for acceptance testing of production AN/SPY-1 antenna faces for the AEGIS weapon
system to go on Navy surface ships. Far-field testing techniques have traditionally been
used to measure antenna performance.

Two major elements of the system developed by RCA are covered in detail in this
report. These include the programmed scanner used for scanning a waveguide probe over
the radiating face of the antenna, and the computer programs needed for contro! of the
scanner and measurement equipment, for assisting test system calibration, for processing
measured data, and for display of the antenna’s measured performance.

The main body of this report contains an overvicw and analysis of the total
automated test system, with details of the two RCA-developed system elements contained
in Appendix A (RCA’s final report). Appendix B contains lists of drawings and computer
software available from Naval Ocean Systems Center (NOSC), San Diego.

This test system was supported partially by a Manufacturing Technology (MT)
program cont act with RCA by NOSC. The primary objectives of the MT program were
to develop the near-field testing system for aceoptance or rejection of production AEGIS
radar antennas, and provide industry with a new testing technology.

For those planning similar systems, it may be of interest to note that the system
under discussion cost approximately $1.2M. Tabie 1 provides additional details.

The near-field technique and equipment described in this report provides an
improved method of antenna testing unigquely suited to array antennas. In an industrial
productionfengineering environment a significant savings can be demonstrated, [t can also
be demonstrated that use of the near-field technology will provide the Nuavy (and other
customers) with a greater product reliability in their acceptance/rejsction process.




INTRODUCTION

A new type of measurement technique for production acceptance test of the micro-
wave antenna face of the AEGIS radar system is receiving its first major industrial application
at RCA, Moorestown, N.J. The nearfield measurement technique being used has been given
extensive laboratory investigation at the National Bureau of Standards in Boulder, Colo, at
the Georgia Institute of Technology, and at other laboratories. There is an extensive list of
public literature on these laboratory investigations.

The shift of a laboratory technique to an industrial setting entails some risks; but, in
this application one can show benefits of reduced costs and increased production which
justify support from the NAVSEA Manufacturing Technology (MT) program. The total
project has three-way support from MT, AEGIS, and RCA.

The major portion of the technical work was performed by RCA. Their final report
is attached as Appendix A. The bulk of the RCA reporting is of less general interest and is
described in Appendix B. The availability of this material is also discussed in Appendix B.

BACKGROUND

Antenna testing is broadly separable into two types of tests: near-field and far-field.
Each has certuin features of superiority but there can be a large region of equivalency. The
limitations have been well delineated in laboratory investigations although an antenna of the
AEGIS type has not been previously tested by near-ficld methods. The usual application of
far-field data requires no phase information from the antenna probe and indeed it is usually
impossible to measure phase well on a far-field range. In near-ficld tosting, phase informa-
tion is required in the transform data processing.

As important as the acquisition of the measurement data s the handling of the data
after acquisition. In large measure, it is efficient data handling that makes the near-field
tests competitive in practical application.

The system was designed around a first version of an official acceptance test proce-
dure for the AEGIS antenna. The system hardware is very Rexible in allowing other versions
of test procedure to be used.® Ary version can be put under rigid quality contiol procedures
that will axsure vonsistent testing and the first version is under such control. The system
software dovumentation which makes such control effective has boen developed for the first
version,

The fiest version of an offivial aceeptanie test procedure is described with its data
reduction and presentation. The reduced data will be examined v a Navy representative
and he will inake a decision to aceept or reject the face. The customer, in this case AEGIS,
specifies the pertinent available information to be reduced and presented in an casily roview-
able form from the ofiicial tests.

AU present the antenna acceptance criteria are in terits of far-ficld parameters, ye-
quiring 3 transformation of near-field data to the far-field format. Far-field criteria are used

*The systean is under sofiware contiol and can be ditected to do 3 wide variety of procedutes (within its
techanical lisitations), data reduction and data presentativn. Tests, sther than acceplance tests, can be
cattied out for the AEGIS program without degrading the acceptance test capability. The quality coateol
program (and its altendant expenses) for these other tesls may of may 6ot be unplemented,




primarily because antenna designers and testers are most comfortable and familiar with far-
field descriptors such as gain, beamwidth, sidelobe levels, etc. 1n addition the antenna per-
formance is specified in terms of far-field parameters.

As experience and confidence with near-field testing of AN/SPY-1 arrays increases,
it may be desirable to specily antenna acceptance on the basis of near-field criteria directly,
without the need of an extra data reduction step to derive far-field patterns.

NEAR-FIELD VS FAR-FIELD

An antenna is a component which launches electromagnetic waves into free space
from confined waves inside the equipment. For many applications, such as radar, the region
of importance of these launched waves is far from the antenna; and, the antenna, with
reasonable approximation, can be considered a point source of radiation. The far-field char-
acteristics of antenna gain, beamwidth, and sidelobe structure hold true only at distances
from the antenna greater than 2D</A; where, D is the mean diameter of the antenna and A
is the wavelength of the radiation. For the AEGIS antenna, the minimum far-field distance
is approximately 1000 feet,

Fuar-tield antenna characteristics are usually measured by placing a probe mtenna in
the far-field of the antenna under test and measuring the signal coupling between the two
antennas as o function of direction by tuening the antennu under test.

Since the radiation snergy which reachex the far-field has to have passed through the
antenna structure, an alternate measurement methed should be possible by which the fields
i a simall region close {0 the antenna are probed. A theoretical expression relating near-fleld
measurements to far-ield measurements can be derived. For instance, Ernst Abbe in 1873
developed a theory of the microscope in which he showed that radiation fields at large dis.
tanves are redated to field in the aperture by a mathematical Fourier transform. Recent de-
velopments in microwave mstramentation and computers live now made i possible to
wiilize this transform relationship in what is called o neus-fleld antenny measurement method.

The typical neardicld data set has more measurement information in it than does the
typical far-Oekd data set. Becanse the near-Aeld measurements are made close to the antenna
(about | Toof distance Tor the AEGIS antennai the data can be used for more purposos than
Just verifying array performance, The present application makes good use of the technigue
for beamformer aligniment and Jiagnostics.

The near-fickd method has two ng advantages: 17 the measurements may be made
mdoors, and 2) the antenna need not be turmed (the transform does the equivalent). Fora
large hieavy antenna which requires special haadling equipmont, the savings can besubstantial.

Electromcally-stevred phased-array antennas consist of an artay of simall radiating
elements cach phased relative to the others by clectronic control. Although these arrays may
have mechanical skmmetry, this symmetry does nol aecessarily appear on thie far-fleld chaps
scteristivs of the beam because of the electronic phasing properties. Consequently a full
phaine of data mu! be measured for each phasing setting in order to desctibe the function of
the antenna. Fortunately this type of antenna can electrically reconfigure itself in a matter
of microseconds and many sets {about 100) of measurements can be made in a siall period
{about a fifth of a second  a period during which the avar-field probe moves about 3 cm)
if there are computer techniques to sort and store the measurements. Thus, these is need for
a very large amount of data combined with a capability of supplying the data if modern in-
strumentation and data Jandling is used. The cost per data unit is very low once the system
is sel up,




DATA LOGIC

The Fourier transform utilized here requires the near-field probe to be located at a
regularly spaced array (say 3-cm spacing) of points on a mathematical plane. Other trans-
. forms for cylindrical surfaces and spherical surfaces exist, but the planar surface is particu-
| larly appropriate for the AEGIS antenna. The array of measurement points needs to be
) relatively exact (about 0.030 inch) to avoid errors in the transformed observations. It is
less costly to provide this exactness in the mechanical scanner than to correct for such im-
perfections in the data processing.

The measurements are made in a time sequence which presumes a constant mechan-
ical scan velocity., Any deviations from constant scan velocity are immediately corrected by
the servo loop. Velocity transients would introduce the same sort of errors into the data sct
as would a mechanical distortion of the scanner. The servo loop was custom tuned to cope
: with the mechanical resonances of the scanner structure and this, combined with software

programming which avoids introduction of resonant-frequency components into the servo
loop, results in & very smoothly operating constant-velocity motion of the near-field probe.
t The appropriate sean velogiyy is computed in the PLAN subprogram of the computer

software according to the amount and type of data requested and the various transient
switching times of the RF measurement system. Up to a certain amount of data the veloc-
ry is limited by the maximum velocity of the scanner. Beyond that amount, the more data
requested, the stower the sean velocity and the longer the time required to complete the
swan. The system is planned to be capable of measuring the required data for the final
auceptanve test within one working day.*

The basiv data array for the Fourier troasform i3 236 X 256 data potnts. However,
there are not this many measured points, The remaining points are filled with a suitable
value (such as 2ero). For somg purposes the transform ambiguity (similar to grating lobes)
! resuiting from a data arvay with twice the spaving would be satisfactory and the software
permits 3 236 % 286 arsuy of measured data points to be replaced with four 128 X 128
independent data arrays. Data reduction for these 128 X 128 arrays & appropriately

» modified.

g AEGIS ANJSPY-1A

ABGIS is a now generation fleet air defense system presently in production for de-
plovment i CG-17 class ships beginning in 1983, When deployed, AEGIS is expected to
contribute significantly to fleet air defense capabilities in the heavy thyeat environnent

'i projected for the 80% and 90's.

'! One of the key clements of AEGES is the Shand AM/SPY-1 radar syster designed

' and built by RCA. This radar uses an clecttonically-steercd phased-array antenna system

i . which gives the radae the capability of tracking many rapidly-noving tangets simultancously
t peimatily because the radar beam can be clectronically steered. The antenna system consists
-;‘ of Tour antenna faces each direeted in a yuadrant of azimuth, The ABGIS Near-field An-

| . . tenna Test Systom {ANFATS) under discussion was built primarily (o test these antenna
. faces at the RCA production Fiility in Moorestown, Now Jersey.

v *n ihe final stages of production the antemna Face will, however, temain en the ear-field test systei for
soveral weeks while a number of preliminaty tests aud adjustineats ste malde priot to final acceplanse
festing. ,
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Each of the four AN/SPY-1 antenna faces is approximately 12 feet in diameter and
contains 4096 radiating clements. It is steered by row-column steering commands from the
antenna position programmer.

The antenna is organized into 128 array modules having 32 elements each. During
production, tests are conducted at the element, array module, and the beamformer level to
assure that antenna components and subsystems are functioning properly before assembly.
The purpose of acceptance testing is to assure that the antenna has been assembled properly
and that no components have failed or been damaged during assembly.

Typically, a representative set of antenna measurements are conducted to satisfy the
acceptance test requirements. Acceptance testing can be performed by either a far-field or
a near-field range. A significant bonus for near-field testing is that the near-field data can
be used directly to assist in identifying fuiled elements, beamformer misalignment, ete. while
the antenna is still in the factory, so that system check out and debugging may be more
casdy accomplished.

PROJECT OVERVIEW

The first engineering development models of the AEGIS antenna face were tested
by traditional methods on a far-field antenna range at RCA (cirea 1972 and later), The test-
ing proved burdensome and aliernative methods of test were investigated. Investigative re-
ports ¢xist from this era (References 1, 21 and the consensus of them was that the near-ficld
test method was both technically and economically feasible and would offer some clear
advantages.

The Navy Manufactuning Techinology (MT) program was forming at that time with
the aim of helping to finance the intixduction of new techinelopy into defense industries in
return for open availability of the details of that technolagy. RCA submitted an unsolivited
propasal to NOSC 1 March 1977, which was aceepted and eventually resulted i contract
NOOH 23- 7200070, which started 30 Septenber 1977,

The propesal was titled “Auwtomated Test System for Phawd Array Anteanas”™ and
autlined 3 three-way suppont for the tofal system. MT, ABGIS, RCA capital. The MT por-
tion was to wipply the programmed scanner hasdware and the cosnputer software, RCA
capiial was to supply the shelfer for the facility at its plant in Moorestown, N.J., the com-
puter, the R¥ hardware, the R¥F measuring cquipment, ete. ABGHS was {o support the
integration of thc test system and the AEGIS antenna system. This the MT contract was
for two major picces of the system but with a cominitiment from RCA to supply the remain
g pHeges,

The MT portion was essentially completed Dec 1978, The current status (Oct 79) is
tisat the RUA portion has been completed and the firsst AEGES production antenna face is
in place in the iester and has started tests. This is essentially according to schedule. It is
platined that comparative Tae-field data be taken on s face. 1t way be assuinned that in the
comparison soine thisgs will become beller understood about buth the near-field and the
Gar-liekd data. Prescat indications are that no modifications to the scanier hardware or the
data-taking process will be needed.

The test system design makes full use of computer versatility. AN antenna tests are
done uider coinputer control and with cemputer participation (tite facility has a dedicated
computer). This is i addition to the dedicated beamstesting commputer within the AN/
SPY-1 systesnn. Tre eatire functiosing of the combined anicina and test system is govesued
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by the computer software loaded into the test system computer. For accountability
purposes a version of this software is documented and under full AEGIS quality-control
practices. This version will be used for official testing.

This report addresses the technical side of the project. However, it must be acknowl-
edged that the MT contract oudget and schedule were met. RCA should be given much
credit for this.

it should be noted that the programmed scanner exceeded the required mechanical
precision by a substantial amount. Practically every function is under computer software
control so that measurements and data reduction of almost infinite variety can be pro-
grammed by modifying the software, This gives the test system an unusual degree of adapt-
ability to new tasks. For a comparatively small additional cost, the test system could be
adapted for other RF frequency ranges, and other types of antennas might be tested. For
the present, the test system will be devoted to AEGIS purposes,

ACKNOWLEDGEMENT QOF PROJECT PARTICIPATION

The vital interest which AEGIS had in this program led to active participation of
AEGIS technical staff in all the MT review meetings. Among the technical staff for the
Navy, R. Marcus of NAVSEA 63232C, E. lrzinski of Johns Hopkins APL, J. Frank of
Tuechnology Service Corp. deserve special mention. The technical staff of RCA that was
involved was larger in number and more varied in their contribution to the project. The
authors of the RCA final report (Appendix A) are L. L. Coulter, W, A. Harmening, and
J. €. Kulp. Some clug te names of other RCA contributon may be found in the list of
End-of-Contract Review Altendees on page x of the RCA final report (Appendix A

Special mention should be made of the staff of the National Burcau of Standards,
Boulder, Colo. - in pastivudar Mr. Allen Newell. NBS has ploneered much of the exper-
mental and theoreticsl work on sear-field antenna mcasurerment systems and has served &
a consultant to NOSU on this contract. He bag also served as consultant to AEGIS and to
RCA, and has supervived the nuar-ficld probe antenna calibration for the RCA portion of
tids praject,

There arc absoy near-field projects in the Army and the Air Forca, These projects do
not duplicate cuch other and there i3 conmunication between all projects. 1o particular,
1. Borowick of ERADCOM, U5, Anmy. Ft. Monmouth, NJJ., attended a nunber of review
meetings on the MT contract {(note page € of Appendix A). He curtently monitoss 2 coin-
tract for & near-field test system placed with Hughes, Fullerton, alif,

The obligation for fechnology dissemination included in the MT contract will be
completed by the availability of this report,” copies of hardware drawings and computes
software docuientation {see Appendis B), and the open house presentation and demons
staation which ocoutred neat thic end of the MT .ontract {see pages viil, ix. and % of Appen-
dix A). The hatdware and software produced under the MT contract has been turped over
as gorernment fumishied squipient to the ABGES production contract with RCA, confract
NOQO24-T8-C-S 188, This does not preciude futther technology dissemination (witness:

W. AL Harmening, “Instnuneating a Near-Field Antenna Test Facility”™ Mictowave Joumal,
Sept. 1979, pp 43-55, plus addenduin p. 88 Gt 19) if AEGIS and RCA management
coicur.

*hencefueth 1o be avaitable Fom Defense Toclinical lnformation Conter, Tattedy knowt as
the Delease Documentation Centot.




ECONOMIC ASPECTS

Costs

A table of costs for the present system is given in table I. The table is itemized at a
major module level.

ITEMS K$
MT Pertion
Scanner 343
Software 263
Sub-Total (MT contract Price) 606
RCA Portion
Shelter 150
RF System 250
Computer 200
Sub-Total ' 600
Total 1206

Table I. ANFATS costs.

The cost given is for the system as it was designed and built. No attempt is made to
explain the many decisions by which this design was chosen over alternatives, The most
critical requirements appeared to be: 1) a Navy supplied list of antenna measurements to
be made for acceptance test purposes (a fairly extensive list but still only a spot check of
antenna properties), and 2) a requirement that an AEGIS production rate of three ships per
year be maintainable. AEGIS production readiness costs, relevant to utilization of the test
fixture, are not included. The subdivision within the MT and RCA totals arc estimated cost
divisions. There are questions about apportionment of overhesd costs and other questions
which leads one to ascribe a £20% accuracy to these numbers.

It is thouglit that a failure to anticipate costs properly would keep others from
adapting this technology to their needs. Otherwise one might be tempted not to include
table I. Actually the experience with this project indicates that costs can be predicted well
with appropriate effort.

Costs of future ANFATS-like systems should be less, because of the technology and
expetience which will be available from this system. This is one of the justifications for MT
supnort of this project.




Benefits

Near-field production testing of phased arrays har demonstrated, at this early stage of
AEGIS production, that a thorough tes planuing program does provide the appropriate
combination of low expenditures and maximum data to satis’y Navy acceptance procedures.

The AEGIS AN/SPY-1 antenna face was qualificd during the EDM-1 and EDM-3
design phases. In the present production phase there is a sequence of component and sub-
assembly tests which precede the testing of the final complete package (a combination of
the AN/SPY-1 antenna face and its beam-steering computer). The primary purpose of the
array production acceptance testing is to check for assembly errors. Far-field tests, which
have been customary, are not very sensitive to small assembly errors; and, when something
wrong is indicated, the indication of what is wrong is ambiguous. The near-field data is much
more sensitive to small assembly defects and, moreover, often tells what is wrong so specif-
ically that it can be remedied efficiently. There is not yet enough experience to specify the
optimal data reduction techniques for the near-field data. The data reduction subprogram
BFAL in the present system is a start. It should be noted that there is no far-field counter-
part of this subprogram.

in the initial RCA proposal (1976), the cost savings per ship was estimated at
$100,000 if near-field acceptance testing was used. For a production run of 24 ships this
would produce savings beyond the cost of the near-field facility. Of greater importance
than the cost savings is the potential that far-field testing would become a bottleneck in
achieving a production rate of three to four ships per year. Near-field testing can casily
handle the projected production rats.

The reader’s attention should be drawn to the existence of two carlier economic
analysis studics (References 1, 2). Both references have drawn on some of the same sources
of information but the treatment is sufficlontly difforent that a comparative summary will
not . @ o**empted here. Both reports give a moderate edge to the nearfield method. The
TS stuay assumes a prior furfield range which has to be improved with greater automa-
tion, ete. The Georgia Tech study assumes that both the far-fleld and the near-fleld systoms
are built from scrateh,

By March 1980 there were good comparative costs and times available from RCA
experience fur near-field vs. far-ficld testing, The near-fleld costs were lower by $400,000
per ship. The saving in total test times was 6 months per ship. A portion of these additional
suvings over the 1976 estimate is due to incromental improvements of the initial proposal.

Several quahfications to the benefits analysis must be noted. Over the pariod
197680 there was significant general inflation of costs. There were also significant fluc-
tuations in best estimates of the final number of AEGIS ships. There are also several
opinions on the proper method of benefits analysis. However, the conclusion that the
ANFATS wili more than pay for itself in savings appears to be “robust”.

NOSC PARTICIPATION

NOSC coordinated the government side of evaluating the RCA proposal and pre-
paring the MT contract. Contract monitoring was primarily by Dr. R. L. Mather of Code
8211 (microwave antennus are a major topic in this code). Mr. Allen Nowoll of NBS was
supported as an advisor on this contract.
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1t was thought that the role of a Navy laboratory should be to offer guidance and
judgiieas v the Navy in takiag technical risks. Fortunately, the direst risks (risks to the
AEGIS program) did not materialize.* The technical priorities (the primacy of an excellent
programmed scanner, for example) were set early in the project. On some mechanical de-
tails there seemed to be as many opinions as there were advisors, whereas on computer soft-
ware there secemed Lo be little available advice. A course of action on these details was
chosen after review of the information and opinions available.

CONCLUSIONS AND RECOMMENDATIONS

The AEGIS Near Field Antenna Test System (ANFATS) has been completed and
is in active use for acceptance testing of the AEGIS AN/SPY-1 radar antenna faces. A sub-
stantial increase in the productivity of the antenna test process has been achieved. The best
use of this productivity is intimately involved with the specifics of the AEGIS program but
it is obvious that it can be used in several ways, for short term or long term goals and the
optimum usage is still being worked out. The ANFATS will more than repay its cost
(31.2M) over the planned AEGIS program.

It is recommended that future acceptance testing of the AEGIS antenna assembly
be done by near-field methods. It should be noted that this is a decision for AEGIS. This
recommendation includes testing after acceptance of the antenna assembly, however a
discussion of post-acceptance testing plans is not appropriate here.

From a broader point of view {(and of more importance for the purposes of this
repo:t) the ANFATS has worked out pretty much as planned. This means that the labora-
tory work which has been done on near-{ield antenna testing is adequate to support initial
industrial applications. The ANFATS experience supplies some cost figures and detatled
description of supporting techniques which will make planning of future near-fivld test
systems much more certain,

In evaluating the proposal for ANFATS, it was apparent that the upplication to the
AN/SPY-1 antenna wos an especially favorable case for the planar nearfield technique. The
two main favorable items are 1) the very large program (AEGIS), and 2) the very complex
electrival propertivs of the antenna,

In a general way the choice between near-field and far-field technigues rests on real
vstate costs, cquipment costs, staffing costs, versatility of the facility, and the differing
advantages of the technigues. The last two depend on the mix of antennas and the nature
of the measurements required. The costs for the two test methods differ in their distribu-
tion between finst costs and continuing costs. [nereasingly, suitable real estate for a far-
fleld range is not reasongbly available which favors the noandield method. The near-field
method, however, requires a refatively heavy investiment in instrumentation and highly
technical stalf. The instrumentation and staff is affordable if the amount of measurement
information being handled 15 large. With the trend toward urbanization of industrial land
and the trend to more technically sophisticated antennas an increasing aumber of near-ficld
test sysiems will be built,

The success of new near-field antenna tosting systems will depend on the quality of
the planning which goes into them. There s a good deal of experience being accumulated
oh the use of such systemms. Worldwide, there are a numbaer of systems under construction

*ln retrospect, the ABGIS program has remained va schedule within nomnal Windts.
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which are trying interesting new techniques. No commercial systems have been available
but this is expected to change. The reader who contemplates acquiring a near-field system
will have a number of system choices and it is recommended that he assess his needs and
devise proper methods of making the choice, using estimates based on the available experi-
ence from existing systems. Sufficient experience exists that a reasonable quality of
planning is possible.

B

. It is recommended that sorie planning problem areas be given specific attention. It
is mentioned above that the potential near-field user should carefully assess his needs. Very
) likely his needs are multiple and disparate. In a typical situation of an industrial contractor,
l a military service, and the nation (government) each of these will have different perceptions
of purpose based on the nature of their contractual relations and it is a management art to
‘ achieve a unity of purpose. Given a purpose, the needs can be given a priority, a proper
! method of making choices between alternatives can be devised and the needed technical
{ estimates be specified. Dollar cust is the usual common estimate unit. There seems to be
a tendency to underestimate the cost of precision measurement and adjustment. There also
J seems to be a tendency to underestimate the cost of computer software. Both tendencies
| may have a common source in that the necessary details for itemized estimation are hard to
| work out in advance of the effort.

In spite of the propensity of underestimating costs, the near-field technology is a
very practical and effective technique and it is anticipated that its usage will grow consider
ably in the near future.
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PREFACE

This report is submitted as Contract Data Requirements List Item ACO6 under
Contiact NO0123-77-C-1091. It describes the work done under NAVSEA
Manufacturing Technology Program DNS-00475 for elements of an automated test

system for phased array antennas using the near-field measurement technique.

This contract was issued on 3 October 1977 by Naval Regional Procurement
Office, Long Beach, California. Technical direction for the contract was
provided by Naval Oceans System Center, San Diego, California. Or. Robert L.
Mather, NOSC, Code 8211, was the assigned technical representative,

The work was done by RCA Corporation, Government Systems Division, Moorestown,
N 08057,
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SUMMARY

RCA has recently developed two major elements of an automated testing system
for phased array antennas. The testing system applies the near-field technique

for production acceptance test of the AEGIS AN/SPY-1A Phased Array Antenna.

These two major elements are the programmed scanner that is used for scanning a
waveguide probe over the radiating face of the antenna and the computer
programs needed for control of the scanner and measurement equipment, for
assisting test system calibration, for processing of the measured

data, and for display of the antenna's measured performance.

The Antenna Near-Field Test System being developed by RCA is illustrated in

Figure 1. A block diagram is shown in Figure 2.

Programmed Scanner - The programmed scanner, shown as Figure 3, was accepted

in November 1978 and has the following characteristics:

X Axis Y Axis 7 Axis
Horizontal ~  Vertieal LtoX-Y
Coverage 600 cm 550 cm Fixed
Scan Velocity 10 cm/sec 15 cm/sec Fixed
Slew Velocity 10 ¢m/sec 50 cm/sec Fixed
Probe Position Errvor
RMS 0.016 cm 0.019 cm 0.011 cm
Periodic 0.007 em 0.007 cm 0.003 cm
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Programmed scanner: E. T, Hurfurth describes the carriage assembly
of the programmed scanner to (Left to Right) Dr, R, L. Nather,
HOSC; and L. L. Coniter, W. A. Harmening, D, H. Mercer, L. A. Caplan.

all RCA,
Probe position error performance was four to five times better than the speci-

Figure 3.

fied 0.08 cm and exceeds the needs of the AN/SPY-1A Antenna.

Computer Program - The block diagrem of the computer programs developed for the

test system are shown in Figure 4. These computer programs were developed on

the RCA Interdata 8/32 computer (see Figure 5).

23
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Figure 5. Computer programs were developed on the Interdata 8/32 computer
system which is located in the control room shown in Figure 1,

In additi~s to the antenna acceptance computer programs, a program was developed
to provide computer assistance during alignment of the antenna receive beam-
former. This program processes the measured near-field data back to the antenna’
aperture plane to identify which of the 68 receive subarrays is misaligned,

From this measurement data a wavsguide length correction report is generated

to direct which of the 88 waveguide runs must be adjusted and the amount of the

adjustment. These computer programs were accepted in Decemher 1978.

RN

Test System Housing - Housing the test system is an RCA supplied pre-eﬁﬁ?hegred
insulated steel building with 40 by 50 ft flocr area and 30 ft interior height
(see Figure 6).
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- Figure 6. Test System Enclosure.

i. N _ ~ Engineering Data - Engineering drawings of the programmed scanner and its servo

Rt 2l

, cabinet and extensive compa{er program documents were prepared on this pi-ogram.
- b The computer program documents include a performance specification, a design
§ S § ' " specification, @ program description document for each subprogram, a data base
document, and Fortran_iy listings for each program, This data is available

from NOSC, Code 8211.

End-of-Contract Review - A program review and end-of-contract demonstration were

conducted for rapresentatives of government and industry in December 1978, The

results of the scanner performance measurements were shown as well as actual

performance. Computer pfegram architecture was discussed and selected computer

printouts were shown. Figures 7 and 8 show the participants of this meeting

during the formal presentations and during the scanner demonstrations.
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Figure 7. Scanner Performance Demonstration: W. A. Harmening (right) demon-
strates the scanner assembly during the end-of-contract review.

} Figure 8. End-of-Contract Program Review: The narticipants of the end-of-
contract presentations are listed in Table 1.
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Table 1. Attendees - End-of-Contract Review, 7 December 1978
Name Organization
A. Harmening RCA
Bloomer NAVSEC, Philadelphia, PA
L. Coulter RCA
A. Palmer Raytheon, MSO
C. Kuip RCA
E. Artuso RCA
M. Scudder RCA
Egan NSKHC
B. Marcus NAVSEA
J. Augustyn NAVSEA Tech Rep
. Dacri NAVSEA Tech Rep
Tweedie DCAS-Residency
Bordwick ERADCOM U.S. Ammy - Ft. Monmouth
W. Morris Martin Marietta
C. Kirchhoff Martin Marietta
E. Morath NSWC
Wilsker NAVMIRO, Philadelphia, PA
. Clayton RC
Schwartz RCA
Stagnitti Scientific Atlanta
Hess Scientific Atlanta
. Henderson NWESA
Gambie NOSC
K. Mercer RCA
. Mather NOSC

e
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Section 1

INTRODUCTION
1.1 Background
The present method of testing large phased array antennas uses a far-field
test range to develop antenna patterns. This method is quite lengthy,
requires hoisting a heavy antenna to an elevated pedestal, and has limited
diagnostic capability. Near-field testing is relatively short, is performed
inside the production plant, and has excellent diagnostic capability.

12 s Army Missile

Studies authorized by the Naval Ship Engineering Center
Connund3. and studies by RCA AEGIS Production Planning have shown the near-
field method to have general application for production test of any antenna
and to be particularly suitable for large planar phased array antennas. The
laboratory work of the National Bureau of Standards and Georgia Institute of

Technology confirms this.

RCA plans to apply the near-field method to production test of the AEGIS
AN/SPY-1A Phased Array Antenna. Development of the test system is primarily
under the AEGIS Production Program with two major elements provided under this
Manufacturing Technology contract. RCA capital funds were used to provide

the test system housing, computer equipment, and electronic measurement

equipment,

1. Newell, Allen C., "Application of Planar Near-Field Antenna Measurement
I:chnlqgg;sto Large Phased Arrays - Feas{bility Study", NBS, Boulder, CO,
gus .

2. Frank, J., and G. C. Rose, "Comparison of Near-Field and Far-Field
Techniques for Acceptance Testinq of SPY-1 Antennas," Technology Service
Corporation, S{lver Spring, Maryland, July 1975.

3. Burns, C, P., and G. D, Rodrigue, "A Study of Comparative Costs for Far-
Field Antenna Patterns Determined by Near-Field Measurements and by Far-
Fleld -:asurements," Georgia Institute of Technology, Atlanta, Georgia,
Janusry 1974, . o ,
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1.2 Project Objectives

The objectives of the Manufacturing Technology program were to develop a pro-
grammed scanner and computer programs to satisfy the requirements of AEGIS
AN/SPY-1A antenna production test and to provide a technology directly useful
to industry. Further, the test system must be amenable to operation by non-
engineering production test personnel, be self-contained within the production
plant independent of outside equipment and personnel, and produce test data in

a form requiring minimal technical judgment for an accept-reject decision.

An objactive of the programmed scanner design, in addition to meeting its
technical requirements, was convenience in alignment adjustments and periodic
re-calibration. It was recognized that the scanner needed for this application
would be larger than any previously constructed and the height at the top of
the probe support mechanism could be as high as thirty feet from the floor.
This dictated a design that made the alignment features convenient to personnel

without the need for elevated personnel platforms.

An objective of the computer program was to provide assistance in aligning the
antenna's receive beamformer. The near-field technique appeared to be particu-
larly suited to measure antenna phase variations for prediction of antenna
beamformer waveguide length adjustments. Beamformer waveguide adjustments have
been previously made only after extensive measurements of each antenna subarray
in the far-field.

34




1.3 Critical Requirements

The overall neqr-f1e1d system specification requirements were defined to

ensure a low probability of either acceptance of a defective array or

rejection of an acceptable array. These requirements were:

¢ Reference pattern gain measurement within +0.3 dB

¢ At least 80% probability that errors in measurement of -30 dB

sidelobes would be Tess than + 2 dB

e Beam pointing errors less than 0.25 mrad RMS

PR R ST S F R T e SR LT S AT IR AT 18 it R
B 7 R RN M TN R R LR R R R SR e o o

o Accuracy of beamformer phase characteristics of <2° RMS for array

| column correlated residual errors and <3° RMS for subarray residual

= PR S e

2 errors.

The above requirements were then allocated to the various near-field subsystems.

The scanner subsystem requirements were thereby established as follows:

a. Fourier components of position deviation from commanded 1inear paths or
incremental positions in the X, Y, or Z coordinates were not to exceed

| + 0.020 in (0.508 mm) in the X, Y, or Z directions.

b. Total position deviation from commanded 1inear paths or incremented

positions in the X, Y, or Z coordinates was not to exceed 0.030 in RMS

(0.762 mm). This total error shall include the pericdic errors of

(a) above.

c. The useful scan area was to be 6 m (X axis - horizontal) by 5.5 m

i : (Y axis - vertical).

35




The Y-axis rate capability was to be up to 50 cm/sec (data collection
rate of ~15 cm/sec). The X-axis rate capability was to be up to 10 cm/

sec (data collection rate of~5 cm/sec).

Appropriate self-protection features were to be incorporated. The design
was to include a high degree of component interchangeability and ease of

maintenance.

The critical requirements for the computer programs were established as

follows:

A real time controller was to:
o Control probe scanning for various test scenarios
¢ Collect measured phase/amplitude data during probe scan

¢ Multiplex measured channel, beam position, and frequency.

A calibration and pretest function was to provide the test conductor with
computer directed assistance for measurement subsystem calibration and

testing.

A data reduction and display function was to perform a near-to-far
field transformation, correct the measured data for probe characteristics,
display pattern contours, 1ine cuts, local minimums/maximums, and

beam pointing error data.

A report to the test conductor was to show the needed corrections to the
antenna’s receive beamformer to assure that antenna phase alignment was |

correct.

36
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Section 2
PROGRAMMED SCANNER

2.1 General Description

The scanner mechanism (shown in Figure 1, page v) is a cantilevered tower
supported by linear bearings on two horizontal floor mounted shafts which
provide for a tower X travel of 6 m. A probe carriage is supported by linear
bearings on two vertical tower-mounted shafts which provide for a carriage Y

travel of 5.5 m.

A pair of pancake tachometers and a motor are housed together with a pair

of bearings to create the drive motor package used for either scanner axis.
The motor shaft drives a pinion gear (different size for each axis) which
engages a fixed rack gear in each axis. Figuré'z.l-l 11lustrates the tower-

mounted drive components for the X-axis,

/ TACHOMETER

o

AR b / DRWE “0“0“

* ~—— LINEAR BEARINI

= FIXED RACK GE/

Figure 2.1-~1, Tower-liounted Orive Components for X-Axis.
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Dual Digital (5 bit and 13 bit) encoders are driven from a separate fixed
rack gear in each axis to report tower and carriage X and Y position to

displays and to the computer, These units are identical for both axes.

Figure 2.1-2 illustrates the tower-mounted encoder assembly for the X-axis.

N .. ENCODER PINION GEAR
= ENCODER RACK GEAR

T = DRIVE RACK GEAR

Figure 2.1-2. Tower-Mounted Encoder Assenbly for X-Axis.

To minimize wotor loads, the carriage s mass balanced by a counterweight and a

pulley system. Redundant steel cables support the counterweight in the interior
of a tower structural columa,

doth axes utilize a total of four identical limit switches to control over-
travel; in addition, six travel arresting buffers (four in X and two in Y) are
used to decelerate safely tower or carviage motion in excess of the travel

limits. Figure 2.1-3 illustrates carriage mounted buffers.
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CARRIAGE
= UPPER-LIMIT
BUFFER

CARRIAGE

ASSEMBLY

Figure 2.1-3, Carriage Hounted Buffers.

An RF probe will be mounted to the carriage and is capable of being driven
by a closed digital control loop in & prescribed manner to collect RF phase

ard amplitude data of the antenna under test,

2.2 Configuration Features

The cantilevered tower scanner configuration is a departure from past practice

and offers several features that are advantageous in a production test situation,
First, the scanner is independent of the building wall and roof deflections
caused by varyinyg external wind, snow/icn, or thermal loads. This is critical -

: since such deflections can perturb the RF probe's X, ¥, and Z positions yielding
erroneous test results. Second. the scanner tower and carriadge can both be

consplietely covered with PF absorber to ainimize multiple reflections.
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Third, the critical X axis rails are readily accessible for alignment
checks and realignment if necessary. In addition, the linear bearings,
motors, tachometers, pinion gears, encoders, limit switches, buffers and
electrical junction boxes for both axes are accessible from floor level
for maintenance, repair and replacement with or without the test antenna

in place.

)
The RCA system resides in a temperature controlled environment.

This and the all steel construction of the scanner, excluding the
aluminum linear bearing pillow blocks, minimizes thermal deflections

of the RF probe to improve measurement accuracy.

RCA recognized early in the program that the scanner/servo dynamic performance
would play a major role in establishing the overall probe positioning accuracy,
For this reason, considerable effort was expended in the detailed system con-
figuration design to overcome recognized sources of dynamic error. The solu-
tion consisted first of minimizing external and self generated

load disturbances and second of designinyg high stiffness structural elements

in the critical load paths.

The external load disturbances were minimized by mounting the scanner and the
test antenna on a 12 in-thick reinforced concrete pad isolated from

the building.

The use of standard rack and pinion gearing to avoid flexible elements in the
drive train partially resolved the self generated dynamic loads thatcan ar{se
from drive motor forces. Further, the servo tachometef loops include electris
cal compensation networks to provide damping for the entire s)stem. This is

a fundamental improvement over other existing near-field stanners.
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Self generated disturbances can alsc be created by the linear bearings used

to restrain the tower or carriage statically. This configuration would normally
require extremely tight tolerance control on shaft "gauge" (distance between
shafts) to avoid stick-slip motiq?. These problems are partially overcome by
articulating the single bearing on the shaft so that "gauge" variation effects
are minimized. In addition, the drive motor is placed midway between the two
bearings on the primary shaft with minimum offset between the shaft and drive
rack gear to equalize bearing loads, to minimize lateral bearing forces, and

to reduce the tendency for stick-slip motion.

2.3 Operational Description

The near field (X-Y} scanner employs a single RF probe antenna which is

scanned over a planar surface parallel to and separated a few wavelengths

from the aperture of the test antenna. A microwave receiver is connected

to the test antenna port of interest and the amplitude and phase of the RF
signal received at the probe antenna are recorded at intervals of typically 3 cm

over the planar surface.

To obtain far-field test antenna parameters, the array of digitized disk recprd~
ed near-field data is transforred to the far-field via digital ccmpucation..and
corrections are made for the characteristics of the probe to obtain the desired
antenna gain and radiation patterns. For production acceptance testing, it is
planned that acceptance criteria will be defined in tevms directiy related to .

far-field parameters and accept-reject decisions will be a software function.
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A minicomputer is utilized to control the scanner, the test antenna beam

position, the s-band test frequency, and the sampling of the near-field data.

2.3.1 Scan Definition

As defined previously, the near field RF amplitude and phase data are sampled
at 3 cm intervals (X and Y) over the active scan area of 6 m (X) by

5.5m (Y).

During a data collection scan, the probe carriage is driven at a constant
velocity in the Y direction from the bottom to the top of the coverage

area while the tower is maintained in a fixed X position. A slew spéed

return of the probe carriage is executed in the Y axis and simultaneously

the X axis is incremented 3 cm in preparation for the next cycle of data collec-
tion, This process takes less than 1 min; however, the above cycle is repeated
for 201 lines of data collection and therefore requires about 3 hr. A1l of the
above actions are performed with digital position loops closed through the
computer.

The slew speed Y axis return of the probe carriage 1s at a rate of 50 cm/sec
and requires 11.7 sec. This time is utilized for equipment calibration,
quick looks at the phase data collected, and for sorting and transfer of data

from computer memory to the disk.

Although consideration was given to collection of data in both directions
of carriage motion, it was concluded that the above features were necessary
and that data reordering and sorting for the opposite scan direction was an
unnecessary complication. Further, the acceptance tests to be performed on
the test antenna require data from four antenna channels at three
freqiencies at a number of steered beam positions. Thus multiplexing of
antenna channel, frequency, and beam position would further complicate
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sorting of data collected in both directions.

A typical data collection scan speed is 15 cm/sec; this speed is controlled

by the computer and is a function of the amount of data ccllected.

Multiplexing allows collection of as many as 100 data streams (product of the
number of test antenna channels, frequencies, and beam positions) in one scan
run., This capacity is 1imited by available disk space. The software control
programs have been arranged for flexibility in selection of the actual data
streams to be collected, the probe velocity, and the scanner tower positioning

for data collection at this velocity.

In addition to the normal data collection during the Y scan with the X axis
fixed, the scanner may be operated with the Y axis fixed and data collected in
the X direction. This data collected is called a tie scan, and the data col-
lected is utilized to normalize all scan data collected in the Y direction to

account for time- or temperature-dependent drift in the electronic equipment.

2.3.2 Acceleration Contro}

It is expected that the tests of each antenna will require several 3J-hr scans
to perform all alignment work, to perform portions of the acceptance tests,
and to perform the final acceptance tests, Since several antennas will he
tested, each with several full scans and 201 axis scan lines per scan, the
scanner wearout becomes cignificant. For this reason and %0 avoid dynamic
excitation of the scanner. acceleration control has been given careful atten-
tion,

In starting the constant velocity data collection scan, it is possible to im-
pose a stel input of the commanded scan rate instantaneously. However, this

tends to excite dynamic modes and is abusive of drive train gears and bearings.
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For this reason, the acceleration torque actually imposed is a half cycle sinusoi

This torque characteristic is obtained by imposing feed-forward signals in

the scanner position loop during the acceleration/deceleration period. This

in effect causes the scanner to reach data collection velocity smoothly. This
feature, as compared to step commanded velocities, does require additional travel
to accelerate to data collection speed. Approximately 3 cm of travel have been
allocated at each end of each axis for this purpose. This travel is in addi-

tion to the 6 by 5.5 m active coverage area.

2.4 Error Allocation

An early task, critical to scanner design, consisted of identifying RF probe
position error sources and establishing values for each contributor. The
initial design error budget is shown in Table 2.4-1. This tabulation is

based on scanner geometry that has become obsolete due to probe relocation.
However, it does point out the need for precise linear bearing shaft alignment

as indicated by the large values for items 1 through 8 of Table 2.4-1.

The final scanner geometry is shown in Figure 2.4-1; a second, revised error
budget (updated for final geometry only) is shown in Table 2.4-2. This

error budget {s based upon the selection of a particular method for obtaining
scanner alignment. The method selected by RCA 1s predicated upon the use
of a laser straightness interferometer as the basic alignment tool. Thus,
the error budget is based upon the ability to measure straightness error

of long linear bearing shafts.
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PROBE TIP

SE = 12.26

Y YC=0t0220
(688.8 CM)

Figure 2.4-1. Scanner Geometry and Coordinates.
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In estabiishing the error budget, the scanner tower and carriage are each

viewed as bodies with 6 degrees of freedom. For each body one of the three
translations (X, Y, Z) is the desired scanning motion and two constitute

errors. A1l three angular motions (pitch about Z, roll about X, and yaw about Y)

are error sources.

In assessing RF probe position errors due to tower or carriage motion, one of
the three bearings is selected and considered to undergo pure (three axis)
translational motion only. The remaining two bearings are then viewed as
imparting the three rotational motions of the tower or carriage. These
rotational motions are generated by linear displacement of the remaining two
bearings with respect to the single translating bearing but displaced from

this bearing by fixed aistances yielding rotational angles.

For example, item 1 of the error budget (Table 2.4-1 or 2.4-2) refers to the
vertical plane of the primary bearing shaft for the X axis and {s associated

with an alignment straightness tolerance of 0.002 in.

Figure 2.4-2 illustrates the derivation of the probe position errors (AX =
13.9 mil and aY = 3.1 mil) for this case. The worst-case phasing of the

rail straightness error curve is assumed to avoid imposiny a phasing tolerance
on the alignment process. This assumption permits alignment flexibility since

trade-offs between measured angle and straightness errors are permissible.

The following equations define the error values associated with 1ine items 1
through 6 of the error budget (Table 2.4-2) and are based on the geometry shown

in Figure 2.4-1 and the straightness/parallelism tolerances used for alignment:
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Budget Line 1 - Primary X Rail, X-Y Plane

(0.002 in straightness, tower pitch angle = +12.5 arc sec max.)

AX = (N +Ye-S) 3—1%499-) =(912 + 220 - 3) LA 004 =0.0139 in  (13.9 mi1)
X

- (Q+R)Z 3'002 £0.002 = (5 +13) 06204 +0.002 = 0.0031 in (3.1 mil
X

Budget Line 2 - Primary X Rail, X-Z Plane

(0.005 in straightness, tower yaw angle = +31,25 arc sec max.)

o= (T + ) 2 3005 (21 + 2) (%29 < 0,035 1n (3.5 mi1)

iz = (q + Ry 249:905) 4 0 005 = (5 + 13) (2532 + 0.005 = 0.0077 in
X (7.7 mil)

Budget Line 3 - Secondary X Rail, X-Y Plane

(0.003 in parallel to line 1, tower roll angle #9.5 arc sec max.)

(7 £ P) 008 o (21 4 2) (GTGd = 0.0021 4n (2.1 mi1)
0.003 0,003 1
AZ=(N + Y¢ - S) (_3;—-) = (12 + 220 -3) (gEE) = 0.0105 in (10.5 mil)

Budget Line 4 - Primary Y Rail, X-Y Plane

(0.004 in straightness, carriage pitch angle = 88 arc sec max.)

ok » (5) B0 < 5 (G008 + 0.0083 4o (5.3 mi1)
aY = (R) —LQQ-) - 13 (%%8) - 0.0085 tn (5.5 mi1)
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Budget.Line 5 - Primary Y Rail, Y-Z Plane

(0.004 in straightness, carriage roll angle = + 88 arc sec max.)

ti | ' aY = T 3-(95—3%1 = 21 ($5%8) = 0.0090 in (9.0 mi1)
A 02 = 5 2200040 4 6,004 = 3 (35298 + 0.004 = 0.0053 1n (5.3 mi1)
\ Sy .

‘ Budget Line 6 - Secondary Y Rail, X-Y Plane

E (0.004 in parallel to Line 4, carriage yaw angle = + 67,35 arc sec max.)
i
a

o (ry 0,008 _ . 0.004 _
Ax - (T) Sz = 21 ]2‘25 0-0069 iﬂ | (609 m‘])
a2 = R (32 = 13 (H%98) = 0.0042 i (4.2 mi1)

The values for budget line items 7, 9, 10, and 11 are defined by vendor-supplied

data for the components selected.

The X to Y orthogonality error of 0.008 in (1ine 8 of the budget) is a tol-
; erance selected for alignment of the primary X and Y bearing rails in the

! X-Y plane. The X rail is set vertical in the Y-Z plane to approximately one

» ‘ arc min and does not appear as an error because the test antenna is aligned

to a best fit X-Y plane defined by scanner calibration.

The data rack gear total composite error (line 12 of budget) is based on the

use in each axis of 22 11-in sections of a PIC precision three rack.. Each

el e s W o A o v

.

section has a total composite error of 0.0006 in. The alignnnntAtﬁ}arahce

value entered in the error budget is 0.0006 V22 or 0.0028 1n_(§i§j5fl). The
rack gear runout aligmment vaiue of 0.005 in yields an error of 0.0018 in

1.8 mi1) based on a tooth pressure angle of 20°. The runout tolerance of 0.005 in

e TN
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refers to lack of parallelism between the data rack pitchline and the primary
rail alignment in one plane (X-Z plane of primary X rail and Y-Z plane of
primary Y rail), )

The remaining budget values (items 14 through 17) have been generated by

analysis.

The error budget as shown in Table 2.4-2 has served the intended purpose of
defining alignment requirements, Measured scanner errors

show that all significant error sources have been identified.

~

It is noted that the RSS values of Table 2.4-2 are statistical representations

of the worst-case errors expected, whereas the RMS values listed represent the
specification for expected probe tip RMS errors; thus the error budget is very

conservative,

2.5 Mechanical Design

The following material presents the details of the major scanner mechanical
etements. The scanrer assembly and details are defined by RCA drawing number
8364786,

2.5.1 Linear Bearings and Shafts

The scanner tower horizontal motion is achieved by mounting a Thomson

Tinear ball bushing {Thomson Part SUPER-32-0PN) at each corner of the tower base.

These bearings have a 2 in bore selected for conservative joad-1ife ratings.

The three linear bearings are supportes on two, 2-in 0D, steel shafts: two

on the front (primary) X rail and one on the rear (secondary) rail. Both raiis'

are supported by heavy floor mounted “I* beams.



The Y axis rail configuration is identical, except the basic bearings have a
3/4 in bore (Thomson Part SUPER-12-OPN) and the rails of course are mounted

vertically on the tower structure,

The shafts for both axes are fabricated of 1060 steel by Thomson and are case
hardened to RC60. Because the required shaft lengths are not obtainable as a
single piece, they are butt joined with an axial dowel pin press fitted at one
end and slip ficted at the other end. Figure 2.5-1 shows the X shaft during

assembly.

Figure 2.5-1. X-Axis Shaft During Assembly: The X Shaft Segments are Joined
with an Axial Dowel Run. '

The bearings are housed in aluminun piilow blocks obtained from Thomson (Part
Rumbers SPB-32-0PN and SPB-12-0PN). Except for these pillow biocks, the entire

scanner is constructed of steel.

The single bearing on the secondary shaft, in each axis, is connected to the.
tower or carrviage using Fafnir rod end bearings. This rod end aiiiculation
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(ball and socket joint) permits +1/32 in variation between rails in the plane
of both. This variation is of no significance in defining or controiling
scanner accuracy and avoids tight tolerance control as well as preventing

significant lateral forces from developing on the bearings.

Preventing lateral force buildup decreases tendency for stick-slip motion

when driven by a motor and permits achievement of smooth scan motions.

2.5.2 Drive Motors, Tachometers, and Gears

The motor and dual tachometer assembly is interchangeable between the X and
Y axis except for the output pinion gear. The drive gear rack for each axis
is a standard, 12 pitch, 200 pressure angle steel gear (Boston Gear Part Number

L2012-6) with a 1 in square sectior. built up with 6 ft-long sections.

The drive pinions are also 12 pitch, 20° pressure angle gears with a 1 in
facewidth. The gear for the X axis has a 1.8333 in pitch diameter (22 tooth), and
the gear for the Y axis has a 4 in pitch diameter (48 tooth). These gears are
custom made of SAE 4340 steel heat *reated to RC 38,

The drive motor is an Inland pancake, brush type DC torque (Part Number QT6202)
with a samarium cobalt magnet field assembly. This motor is 1.24 in long, has
an 0D of 7.20 in and an ID of 3.94 in, and is rated at 11 ft-1b peak (stall)
torque. The power amplifier output, however, is current limited so that the

maximum torque developed in this application is 7 ft-1b,

Dual tachometers are housed with the above motor. The tachometers are Inland

{Part TG2936C) pancake units, 3.730 in 0D, 1.640 in ID, and 1.240 in long.

The motor and both tachometers are placed in a built up housing and supported
with Kaydon ball bearings at one end and a matched preloaded set at the pinion

gear end of che housing.
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2.5.3 Position Encoders and Gearing

Scanner position information is required from both axes to communicate with
the minicomputer, to drive servo cabinet readout displays, and to close
a manual position loop on the servo cabinet. The encoding system used is

identical for each axis and is a two-speed, 18-bit, electro-optical system,

The 13-bit fine encoder and the 5 bit coarse encoder are obtained from Itek
(Part Numbers RA13/23CMX and RA5/23CMX, respectively). The coarse encoder is
coupled to the fine encoder shaft by a 32:1 ratio (25) gear box; the fine
encoder will then rotate 3z revolutions for one revolution of the coarse

encoder (turns counter for fine encoder). The shaft of the fine encoder is i

turn driven by an antibacklash, 24 pitch, 20° pressure angle, 60-tooth (2.5 i
stainless steel gear obtained from PIC (Part Number P7-2-60), as were all en=

coder gears and gear boxes.

This gear engages a 24 pitch, 20° pressure angle, precision three rack gear

obtained from PIC (Part Number AG-31-P3) in 1C.9956 in lengths.

With the above gears, the encoders are capable of uniquely encoding over a
Tineal distance of 638.7 ¢m, which is in excess of the required X- or Y-axis

travel.

2.5.4 Buffers and Limit Switches

Travel-arresting buffers were cbtained from Ace Controls (Part Number SAHS-

3/4 in bore, 1 in stroke). Two buffers are mounted on the carriage arranged
to arrest carriage motion at both travel extremes. Faour buffers are mounted
in pairs at the base of the tower, one pair is arranged to arrest tower motio

at one travel limit and the second pair at the other travel limit,
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Four microswitches (Micro Switch Part Number 23EN9-G) are mounted on the
scanner, two on the carriage and two on the tower. These switches have gold

plated contacts to prevent welding. The switches are located and adjusted to

open just prior to contact with the travel limiting buffers to prevent appli-
cation of drive torque in the direction of the violated travel limit. The

motor can be driven away from this limit.

2.5.5 Counterweight System

The carriage is mass balanced using a dual cable system over two pulleys at
the top of the tower and a caunterweight interior to the € in by 12 in

tower box beam. Mass balance of the carriage thereby reduces drive motor
torque requirements. The cable compliance determines the carriage dynamic

resonance frequency which is of concern for the Y-axis rate loop.

In addition, the counterbalance mass swings as a pendulum for X-axis accelera-

tions; thus the counterweight has been protected with sponge rubber to minimize

dynamic perturbations caused by X-axis acceleration,

2.5.6 Structural Arrangement

The scanner is structurally very simple, consistine of a carriage, the tower

and the foundation. (See figure 3, page v.)

The carriage is weldment fabricated from ASTM-A3S steel tubing, 3/4 in
square by 0.060 in wall thickness., The carriage has provisions for mounti:g

the RF probe, the RF linkage, and RF absorber on the front face.

The tower is also a weldment with the vertical columns fabricated from ASTM AS0
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GRB steel. Two of the columns are 6 in square with a 0.18 in wall, and the

third is a 6 in by 12 in by 0.25 in wail, AIll bracing struts are of

ASTM A36 steel, 1.75 in square with a 0.12 in wall.

The 6 in by 12 in by 0.25 in wall column dimensions were selected for size
compatibility with the Y-axis linear bearings and the drive rack and data rack

gears,

This column provides a stiff load path for the Y.axis and is a key element
in the tower bending stiffness. The remaining tower columns were selected
to equalize as much as possible the tower section inertia about orthogonal
axes as defined by the tower sectional geometry and the sectional properties

of the three columns,

The X-axis primary bearing shafts are supported on standard wide flange steel
beams, WF 10 X 112 for the primary rail and WF 8 X 48 per ASTM A36 for the
secondary rail. These beams are permanently clamped and grouted to the con-
crete base. The base is a 12 in-thick reinforced concrete slab {15 ft by

31 ft) isolated from the floor of the building,

The tower face will be covered with RF absorber to minimize RF reflections.

2.5.7 Bearing Shaft Supports

The X-axis and Y-axis linear bearing shaft supports are similar for both axes

The support consists of a steel tee section with a single bolt through

the tee leg to a hole tapped into the linear bearing shaft at each
support point. The support vertical and lateral adjustment is obtained use
ing a six=-bolt pattern on the tee crossbar; three of the bolts are jacking
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screws ard three are holddown bolts. Lateral motion is achieved by differ-

ential operation of the jacking screws; thus vertical and lateral adjustments

are not independent.

It is desirable to have independent support adjustment capability, and such sup-
ports are available from Thomson, However, the low stiffness for the available
X-axis supports could have resulted in a low frequency tower rocking mode.
A low-frequency rocking mode will impact the Z-direction accuracy as well

as the X-axis servo rate loop capability, and is therefore not acceptable,

The Y-axis shaft supports are not critical dynamically, and the standard Thomson
independently adjustable supports could be used. This would undoubtedly de-

crease the time spent in aligning the Y axis rails and would be cost effective.

The X-axis rails were easier to align than the Y-axis rails because of the greate
stiffness of the shaft, the "I" beam base, and the reduced support spacing,
Although the independent adjustment feature is not as necessary in X, it is
possible that the standard Thomson support could also be used here by increasing
the bearing shaft diameter and/or reducing support spacing to obtain sufficient

stiffness to control the tower rocking modes.

58

e < A AT




2.6 Mechanical Alignment

The Scanner Assembly requires careful alignment to fulfill the probe position
tolerances specified in Section 2.4. Other alignment constraints were imposed
to assure proper system operation in addition to the alignment parameters

defining probe errors above,

The total scanner alignment problem is thus a sizeable task requiring con-

siderable skill, time, and patience to achieve an acceptable system,

2.6.1 Alignment Criteria and Considerations

Table 2.6-1 repeats alignment tolerances impacting probe position errors;
this data is extracted from Section 2.4, Table 2.6-2 defines additional

alignment tolerances required to meet other system functional parameters.
Both tables are based on the scanner coordinate system defined in Figure 2.6-1.

As defined in Section 2.4, the linear bearing shaft straightness and parallel-
ism requirements are entered in the error budget as transiations plus worst-
case angle rotations. This is done to simplify the alignment criteria and

is predicated on the use of a laser straightness interferometer as the

primary alignment tool.
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Using the straightness interferometer, the bearing shafts are aligned until

the straightness requirement has been met over a major portion of the shaft
length. The actual angle variations are then measured directly or calculated
based on the straightness data and known bearing separation. The angle and
straightness data together then define the actual probe position error con-
tribution and eliminate the worst case angle assumption. If the angle errors
are appreciably less than the worst case angle assumed, then further reductions
of the straightness errors are not required. In effect a tradeoff between

contributions is performed to determine the need for additional straightness

adjustments.

2.6.2 Alignment Method

The laser straightness interferometer was the basic alignment tool; however,

other equipment was also used as identified in Tables 2.6-1 and 2.6-2.

The straightness interferometer consisted of a Hewlett-Packard HP5500C Laser
Head and HP5505A Laser Display with option HPQ31 Long Range Straightness Inter-
ferometer, HP10579A Resolution Extender and Adapter and HP10691A Straightness
Interferometer and Reflector. For bearing rail alignment the straightness inter-
ferometer was placed as close to the rail centerline as possible to minimize

the impact of other errors.
Tower vertical angle measurements were obtained with a Hilger-Watts clinometer.

2.6.2.1 X-Axis Alignment

The initial X-rail alignment was.accomplished using a special tool which essen-
tially replicated the tower base to permit X- and Y-rafl alignment to proceed in
parallel with a single laser system. Final X-axis alignment was

performed with the actual tower in place. Figure 2.6-2 shows the special

tool fitted to the X rails.
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Figure 2.6-2. X-Axis Rail Aligmment Tool,

v
1\ GLINOMETER

Figure 2.6<3. A clinometer is used to measure tower
vertical angie deviations.
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The X-axis primary rail is a 2.00 in diameter shaft, 320 in in length, sup-
ported at 10 in intervals. The rail straightness in the Y and Z directions
was measured at 5 in intervals along the length of the rail with the laser
straightness system. There is an inherent slope to the straightness data with
this measurement technique. Therefore, the data was reduced by the Least
Square Fit method tn obtain an error record at each measurement point. With
the error record defined, the rail position was adjusted at each support to
reduce the straightness error. The rail supports feature an adjustment capa-
bility of a three bolt jacking screw arrangement configured about a three
bolt clamping pattern. The jacking screws were manipulated to 1ift or rotate
each support into the required position. This process was reiterated until
the straightness tolerance was essentially achieved. As this laser system

is capable of measuring only one plane of straightness at a time, adjustments
were alternated between the orthogonal planes., Dial indicators were used

to monitor the second plane during adjustments.

Clinometer readings or calculated angle variations were then obtained to
determine the need for further straightness adjustment with raspect to budgeted

eryors.,

In addition, the clinometer was uysed to measure the level condition of the
primary rail; out-of-level data was incorporated in the straightness adjustment
procedure for the vertical plane of the X-axis primary rail, Figure 2.6-3 shows

the tower clinometer measurements.

The secondary rail horizontal plane was first adjusted by the dial indicator to
+ 1/32 in of parallelism of the primary rail horizoatal plane,
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The secondary rail parallelism to the primary rail in the vertical plane was
assessed by direct clinometer measurement of tower roll angle at intervals of
one-half the rail support spacing., The angle measurement was then converted to

vertical plane straightness errors of the secondary rail and adjustments made

to correct tower roll angle errors.

The straightness for the Y-axis primary rail in the X and Z directions was measured

at 6.5 in intervals along the 247 in long, 0.75 in diameter, Y shaft which
is supported on 13.00 in centers. The straightness data was reduced as
described for the X rail and adjusted in the same manner with the rail supports.

No leveling condition had to be considerad in the Y axis.

The Y-axis rail alignment was accomplished with the tower placed horizontally and
with the Z axis perpendicular to the floor. Thus, clinometer readings were obtaine:
as indicated in Table 2.6-1, and tradeoffs between straightness and angle varija-
tions were considered, as before, to determine acceptability of the straightmess
adjustments. Figure Z,6-4 shows the laser equipment measuring rail straighte

ness. Figure 2.6-5 shows the V-axis rail clinometer measurements,

2.6.2.3 X to Y Orthogomality

The Xeaxis to Y-axis rall orthugonality in the V-2 plane was measured with a plumb
bob. The X-axis secondsry rai} rod end bearing length was adjustad to suit the re-
quivetiant. Determination of the orthogonality in the X-Y plane (item 8 of error
budget) necessitated use of the HP Option 031 system in conjunction with the
HP10693A Vertical Straightness Adapter, HP106925 Optical Square, and HPIOSS8A

Beam Bender. The neasu:}ng configuration required cptical setup compatibility of
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Figure 2.6-4. HP lLaser System is used to align the Y-axis rails,

CLINOMETER
MOUNTED
TO THE
CARRIAGE

Figure 2.6-5. Y-Axis Raf) Clinometer ileasuraaents.
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Y-direction straightness on the X-axis with X direction straightness on the
Y axis. The inherent slope in straightness data for both measurements together
with the known calibration of the opticai square is utilized to determine the

orthogonality value between the two axes at a particular tower X location, One

3 pillow block of the tower on the X-axis primary rail was shimmed until the re-

quired orthogonality was obtained.

26.2.4 Gear Alignment

The drive and data rack alignments for hoth X and Y axes were measured with a
dial indicator located at the motor or encoder pinion position, accordingly.

The individual racks and/or rack supports were shimmed to meet wie specified

[T T PSR 4

tolerances normal to and parallel to the pitch plane.

2.6.3 Alignment Results

2.6.3.1 Rail Assembly Goals

The rail straightress requirements budgeted in Table 2.4+2 served as the

assembly goal for rail alignment. In addition, they are important to the

A e i e+ e L

final scanner accuracy calibration discussed in Section 2.7. Therefore,

. the final straightness alignment measurements are summarized in
Table 2.6-3.

: 2.6.3.2 Alignment Acceptance

The final scanner alignment status is summarized in Table 2.6-3. It is
noted that the straightness tolerance is not achieved in all cases; however,

the measured angles were less than the worst case values assumed- thereby

achieving an acceptable error contribution.

,;-‘:'.7-,::._‘:_ -
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2.7 Scanner Calibration

2.7.1 Calibration Error Model

The scanner probe tip positional errors 4X, AY and AZ are described as a func-
tion of the probe X and Y encoder readout positions (Xen, Yen) by the
fAllowioa 1 te waquations:

8X (Xen, Yep) = 8X (Xen, Yinit) +aX (Xinit, Yen) - Y [8 (Xen, Yinit)]
(2.7-1)

aY (Xinit, Yen) + &Y (Xen, Yinit) (2.7-2)

H

aY (Xen, Yen)

8Z (Xens Yen) = 8Z (Xep, Yinit) + AZ (Xinit, Yen) *+ Y [@ (Xen, Yinit)]

(2'7‘3)
where: Xen = X encoder readout position, cm
Yen = Y encoder readout position, cm
Xinit = X encoder readout position for X-mechanical zero,

stow position, cm

= Y encoder readout position.for Y-mechanical zero,

Yinit
stow position, cm
Y = Yen - Yjpit» CM
0 = tower pitch angle, radians
) = tower roll angle, radians

In order to assess fully the scanner accuracy, each of the eight variables
comprising the threé eduatioﬁs above was meésured at 3 cm + 0.01 om intervals.
Those variables dependent upon Xen required 203 data points; those dependent
upon Yep required 187 data points. The computation of the three error equa-
tions for all Xen, Yen describe aX, AY, and AZ with 37,961 data points each,

on a3 cmby 3 cmgrid over the scanner coverage of 6 m along X by 5.5 m

along Y.
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2.7.2 Calibration Method

The data collection for the eight variables is divided into three types (linear,

straightness, angular), each requiring a particular instrumentation combination.

2.7.2.7 Instrumentation

Basic Hewlett Packard Laser System:
HP5500C Laser Head
HP5505A Display Meter

Hewlett Packard Option 010, Linear Interferometer:
HP105658 Remote Interferometer

HP10550B  Reflector

Hewlett Packard Option 031, Long Range Straightness
Interferometer:
HP10579A Resolution Extender and Adapter
HP10691A  Straightness Interferometer and Reflector

Hewlett Packard Accessdries:
HP10558A  Beam Bender
HP10692B  Optical Square
HP10693A  Vertical Straightness Adapter

Hilger-Watts Clinometer

2.7.2.2 Linear Interferometer Measurements

The two encoder calibration measurements, aX (Xen, Yipit) and aY (Xinit»
Yen)’ were each obtained using the basic HP laser system with Option 010.
The tower was stowed at Xinit for the AY (Xinit, Yen) measurement. The

carriage was stowed at Yipit for the aX (Xen, Yinit) measurement. The
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reflector was fixed at the probe tip location in both cases. Data from both
the encoder readout and the laser display was recorded in pairs at 3 cm in-

tervals of the encoder readout for full travel in both X and Y.

The error record input to the calibration reduction routine was derived
from these data pairs. For AX (Xen, Yinit) the difference between the laser
and encoder readouts was determined. Because the error was unidirectional,
an average error was computed. The final error record, aX (Xen, Yinit), was
then the difference between the direct error and the average error. For

oY (Xinit, Yen) the difference between the two readouts was determined. As
this error was not unidirectional, no averaging was desired and this remained

the final error record for the calibration reduction.

2.17.2,3 Straightness Interferometer Measurements

The four straightness calibration measurements, aZ (Xen, Yinit)., 82 {Xinit,
Yen)s 8X (Xinits Yenk and 8Y (Xens Yipqe), were obtained using the basic HP
laser system with Option 031, The tower was stowed at Xipit for the two mea-
surements dependent on Yepand the carriage was stowad at Yipie for the two
mea.urements dependent on Xo,. The interferometer was fixed at the probe tip
rysition. For al {Xinit, Yen) and aX (Xinit, Yen) the vertical adapter,
optical square, and beam bender were incorporated in the optical path for ease

of handling and aligning the other optical elements.

Data for both a2 (Xen. Yinit) and 82 (Xinits Yen) was recorded from the laser
display and encoder readout in pairs at 3 cm intervals for full travel in X
or ¥, accordingly. A linear regression analysis was used to describe a Least
squares fitted straight line and to determine the error from that line at each
measurement point. Thus, these two error records were compiled for the cali-

bration reduction.




The elements aX (Xinits Yen) ana aY (Xen, Yinit) are related by the ortho-
gonality between the X and Y axes in the initial stow position of the tower.
The orthogonality measurement is described in Section 2.6. As before, the
laser display and encoder readouts were recorded in pairs at 3 cm intervais
for each measurcment. The individual data sets were reli.cd for aX and aY
errors with the linear regressinn nrg'y-7c, in addition, the orthogonality
between tne two axes was determined mathematically from the slopes of the two
data sets (with respect to the optical square and reflector reference) and

the known optical square calibration factor. Because this is the measurement

of orthogonality at the tower stow position, the value determined is the initial

pitch angle value.

2.7.2.4 Angular Measurement

The two angular data sets, © (Xgpn, Yinit) and @ (Xepn» Yipit)s for tower pitch
and roil angle excursions were obtained with the clinometer. The clinometer
was clemped to the tower base in one of two orthogonal locations. Data was
recorded in pairs from the clinometer and encoder readout at 3 cm intervals.
The absolute values of the clinometer readings were of no significance, but

the reiative values create the desired error information.

For the pitch angle error record, an intermediary record for each measurement
point was created of the average of all the measured values subtracted from
each measurement. Then, an adjustment value, equal to the difference between
the orthogonality value and the measured pitch angle in the tower stow position,

was subtracted from each of the data points of the intermediary record.

This initialized the tower pitch angle to the orthogonality value and des-

cribed the deviations from that initial value over full tower travel.
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The roll data is not associated with an initializing value, and therefore the
average of all the measured angles was subtracted from the measured data to

describe the error at each point.

2.7.3 falibration Data Reduction

The calibration measurements and their individual reductions described above
develop five two-dimensional fields of 203 error measurements distributed on
the X axis and three two-dimensional fields of 187 measurements distributed

on the Y axis.

Equations 2.7-1, 2.7-2, and 2.7-3 were used to generate the aX, AY, and AZ
values over the entire X-Y coverage area of the scanner, Each of these three

fields then contains 37,961 error values.

For the aX and AY error fields, the RMS values and the 20 worst-case error
values with their associated Xg, and Yepn coordinates were identified, The
a2 values were subject to a multiple linear regression analysis to determine
the least square error fitted plane. The three coefficients defining the
plane were identified. The error between that plane and the Al error field
was determined as well as the RNS value of all those errors. The 20

errors of greatest magnitude were identified with their assocfated X, and
Yen coordinates.

The harmonic or spectral content of the probe tip &X, aAY and AZ errors was
next assessed by use of a two-dimensional Fast Fourier Transform (FFT). The
two-dimensional discrete Fourter transform, A {m, n), is a mapping into the
two-dimensional sequence of Fourier coafficients, A (K, 1), defined by:
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. AX and AY are evaluated as the compliex pair

AX + jaY for all m and n

Z-is evaiuated as the compliex number

AZ + JO for alt m and n

The calibration data evaluation compu*er nrocgram identifies any components A (K, 1

greater than any value arbitrarily specified by the program user.

2.7.4 Calibration Results and Discussion

The near-field scanner calibration data was recorded, reduced, and analyzed

as described in the preceding sections.

It is observed that the calibration measurements performed are for a static
situation and do not include thermal effects. Errors due to thermal variations,
thermal gradients, dynamics, and servo transient errors (lines 14 through 17 of
Table 2.4-2) are not assessed with this calibration method.

The comparison of errors obtained from calibration measurements and specificaticn
requirements is presented in Table 2.7-1. The RMS values of the position

errors at the probe tip are significantly better than the requirement. This im-
proves the accuracy of the antenna measurements. In addition to the specification

| requirements, mean and maxima error data {s presented to offer a more complete

representation of scanner accuracy.
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Table 2.7-1 Calibration Results

1 RMS PROBE ERROR,

X
COMPONENT ERROR,
AXIS cm (in)

cm (in)

-~

T el Llae St . o e s e e L e e s i i s i e S i
v y .
a < . - . N
. v E M .
o P -
. . . .
e e aw R ' - \ . .
. . . - s : ! - . .
) s "y . " . . .
it s e i i e o e R A S B R st e ; i i ol S R, ; ok B o i i oo
. -
ot e P A e e X - - : S - -

MEASURED

SPECIFIED

MEASURED

SPECIFIED

0.0159
(0.0063)

0.0190
{0.0075)

0.0109
(0.0043)

0.0762
(0.030)
A1l Three

Axes

X + Y
0.0072
(0.0028)

0.0032
(0.0013)

0.0508
(0.020)
A1l Three

Axes

AX1S

MEAN ERROR,
cm (1n)

MAX ERROR,
em (1n)

X, Y_LOCATION OF MAX ERROR,
ENCODER READOUTS,

X

Y

0.0020
(0.0008)

0.0745
(0.0293)

16.318

505.382

-0.0007
(-0.0003)

0.0518
(0.0204)

289.318

145,382

7.964 x 108
(3.135 x 10°8)

-0.0411
(-0.0162)

328.318

427.382
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As the test antennas will be aligned to the best fit plane developed by the

multiple Vinear regression analysis, the plane equation and coefficients are

offered here:

Zp = My Xen * My Yen *+ Bp,

where

My and My are slopes developed in the regression anaiysis

and Bp is the intercept coefficient

My = -2.312234 x 10°5 cm
' My = 4.817124 x 10-9 cnm
! Bp = 7.384032 x 10-3 cm

2.7.5 Adjusted Error Budget

Comparing Table 2.7-1 with Table 2.4-2 (revised error budget), it is noted

that the peak and RMS measured errors agree rather well with the budgeted

., values for the Z axis.

The X-axis RMS errors are also in good agreement; however, the peak measured
values differ from the budgeted RSS values. Both the peak and RNS measured
errors differ from the RSS and RMS-budgated values in the Y axis.

|} During caltbration of the Y-axis encoder error versus Y position (see equation
t? 2.7-2), rather large errors were chserved that appear to be due to the total
rack gear composite error (line 12 of Yable 2.4-2). It {5 surmised that

additional effort with these rack gears might have reduced this error to the
1 . budgeted value of 2.8 mil, It was obvious at this time, however, that the

& error budget would be met with such large margins that expendituve of addi-

tional effor. was not justified.
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Because the encoder error has been identified as more nearly directly related
to the number of rack sections (rather than the square root of the number of
sections), a better representation of the total rack gear composite error is
0.0006 (22) = 0.0132 in (13.2 mi1) rather than the value 0.0006 /22 =
0.0028 in (2.8 mil) assumed in line 17 of Table 2.4-2.

This correction should be applied to both the X and Y axes (no impact for the
Z axis) of the error budget (line 12, Table 2.4-2). |

Table 2.7-2 presents a comparison of the measured results versus the error
budget with the above correction applied. From Table 2.7-2, it is seen that
the apparent disparities between budgeted and measured values (for a corrected

budget) are for all practical purposes eliminated.

Table 2.7-2. Measured Values and Corrected Error Budget.

Probe Tip Errors, in/1000
Error Type - . , _
X Axts Y Axis Z Axts

Corrected
RSS Budget Value 23.4 | ?9.2 e 15.;
Peak Measured ..
value 29.3 20.4 16,2
Corrected .
RMS Budget Value 6.3 51 5.8
RMS Measured
Valye 6.3 1.5 4.3
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2.8 Servo Control System

2.8.1 General Description

The general coiifiguration of the scanner servo contrul system is shown in

Figure 2.8-1 in block diagram form, The servo cabinet is defined by RCA

Drawing No. 8668170. Both the X and Y drives are defined by this diagram and
the foilowing discussion applies to both axes. The rate loop is the primary
portion of the control system and is designed to accept commands either locally
from the servo control unit or remotely from the computer to control DC torque
motors. Two tachometers sense the motor velocity, and rate signals are fed back
to close the rate loop. The rate loop consists of a summing and scaling ampiifier,
a compensation amplifier, and a power amplifier to provide the armature current
to the motor. The rate loop also senses such conditions as overspeed, low volt-
ages, and travel limits and conditions the loop to minimize the possibility of

damage to the scanner motors.

Local signals to the rate loop originate either as a velocity control slew signal
or 3 position control voltage generated by the voltage difference between a posi-
tion reference voltage and the actual position as sensed by the encoder. The
manual velocity control is simply an insertion of one of four available DC
voltages which provide fast and slow slews in either direction. The manuval posie
tion voltage generated by the encoder (through the digital to analog converter -
DAC) is compared to a potenticmeten-controlled voltage reference signal, and the
difference in amplitude between these two voltages causes the carriage to move

to a position at which the voltage difference between the reference and DAC out-

put is zero.

Positional information is provided by a two speed 18 bit encoder system located

on the carriage (or tower). These 18 parallel bits are converted to a serial

9
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train of pulses for transmission to the servo control unit. Here they are
reconverted tc a paraliel form and transmitted to the computer as well as being
converted tn an analog signal for manual position loop closure and to drive

the readout displays scaled to indicate carriage (tower) position in centimeters

from an arhitrary reference point. Figure 2.8-2 shows the servo cabinet in test.

SERVO
CABINET

Figure 2.8-2. Servo Cabinet in Test.

2.8.2 Rate loop

Details of the rate loop are shown in Figure 2.8-3. This rate loop is used to
ensure smooth, even motion of the RF probe over a large range of velocities.

An electronic integrator is used in the Joop as a part of the compensation cir-

cuitry. The values of compensation differ for the two axes. For the X axis tha
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compensation value is S

#
5.44 2n {.5)

S S o
21‘[ ‘5;

which configures the X-axis rate loop to a crossover frequency of 1.5 Hz. For

the Y-axis the compensation value is

10.88 2n (1)
S s o
27 (10)

which configures the Y-axis rate loop to a crossover frequency of 3.0 Hz.

The power amplifier for both axes is connected as a current source. Its nominal
transfer function is =
I

—2 _-1.0 amps/volt

€in
with a current 1imit set at 6.0 A maximum. This limits the torque that
can be applied to either axis to 6.9 ft-1b, a value selected to obtain

specified performance without applying excess torque or producing excessive heat

in the motor.

The drive motors and tachometers are identical in both the X and Y axes. The
motors are permanent magnet DC torque motors having a nominal armature resist-
ance of 3.6 ohms and a nominal torque constant of 1.15 ft-1b/A. The tachometers
are also permanent magnet devices having a nominal gradient of 1.1 V/rad/sec

with an output resistance of approximately 300 ohms,

The nominal closed rate loop gradients are 1.0 cm/sec/V in the X axis and
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5.0 om/sec/V in the Y axis. Carriage rate control in the range of 0.025 cm/
sec to 50 cm/sec and tower rate control in the range of 0.125 cm/sec to 10 cm/sec

have been successfully demonstrated.

2.8.3 Position Loop

‘The local position loop is a convenience mode for positioning the,scanner
carriage in the absence of a computer signal. The loop is a Type I

configuration with the gain set to provide a single 20% overshoot to
a large step displacement. The feedback position voltage produced
by the DAC ranges from 0 to +10 VDC with 16-bit granularity which

is eQu{Qé}eht to 0.15 mV/bit with one bit being nearly equal to 0.01 cm

of tower or carriage travel. The reference position voltage used is the
+15 VDC analog circuit power supply voltage. Because this power supply has
random drift of up to 2.0 mV, the position loop drifts up to 0.13 cm.

This is satisfactory for the manual positioning.

2.8.4 Encoder Signal and Readouts

Each axis uses two optical encoders to obtain 18 bits of positional information.
The encoders are configured in a coarse-fine relationship with the coarse (5 bit)
encoder being geared 32:1 with respect to the fine (13 bit) encoder. The en-
coders work in conjunction with a digital translator that receives the 18 bits

of encoder parallel position data and converts them into a serial stream that

is transmitted, along with a clock signal, to a receiving digital translator in
the servo cabinet, where they are reconverted to parallel information. The encod-
er-translator combination 1s controlled by an external clock running at a 400 kHz
rate. This allows the 18 bits of information present at the output of the receiv-

fng digital translator to be updated 4000 times/sec. This {is approximately
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10 times faster than the computer reads position data and assures that the infor-
mation is no more than 0,25 msec old when sampled. This arrangement then

. provides position data at a relatively fast rate while requiring only 8 wires
(4'paifs) between'the caffiage‘or tdwer‘and the servo contrdI uhif; a'savings

of cost, weight, and complexity.

In the-servo control unit, three different functions are performed on the 18

parallel bits of position data available at the output of the digital translator.

a. The entire 18 bits plus a data ready bit are sent. in parallel, to the
| computer by means of balanced line drivers.
b.f The most significant 16 bits are converted to an analog signal for
~ closing the local position loop.
c.: The 18 bits are scaled through a combination of binary and decade coun-
ters working on a time interval basis to display the absolute carriage
position in centimeters on LED readouts. Six digits are displayed in

 the readout with the least significant being equivalent to 0.001 cm.

2.8.5 Power Amplifiers

Thé power amplifier is a linear operational amplifier controlling a power

' brjdge‘output circuit. ‘The amplifier and bridge are encapsulated and mounted
on an 11-in. heat sink. The current through the bridge (and therefore the
motor armature) is limited to 6.0 A by means of an external resistor of

0.357 ohm. The amplifier is used in this application as a current source,

1t§ transfer function being in units of current out per volts in. This adds

an’integration to the rate loop since (once the friction level is surpassed)
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a voltage into the power amplifier produces a current into the motor armature
‘which has an equivalent tordue value (torque = Ky X current). This torque

then ~auses the motor to accelerate the inertial load at a constant value.

The current output from the bridge goes through three closed relay contacts,

connected serially, to the motor armature. The purpose of the

relay contacts is to interrupt motor current and-put a short across the

armature in the event of an operational failure, such as power supply failures
or overspeed. The configuration of the power amplifier permits a maximum of 55 V
across the motor armature. The relay contacts are individually rated at |

28 V maximum so that unless precautions are taken interruption of the motor
could cause the relay contacts to weld. To prevent this from occurring,

three contacts are connected in series and each contact has a bidirectional

power zener diode connected in parallel with it. These diodes clamp at
nominally 20 V and thus prevent the contact voltage maximum of 28 V from being

attained when interrupting the armature, even at its maximum of 55 V.,

2.8.6 Power Supplies

Four different DC voltages are reduired to operate the Scﬁnnéf‘SerQo. These

voltages are:

a. +5 VDC - for operating the digital logic chips, the readout display, the
digital translators, and the encoders.

b. +15 VDC - for operating the analog operational amplifiers.

¢. =15 VUC - for operating the analog operational amplifiers and biasing the

power amplifier,
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d. 60 VDC - for operating the power amplifiers. Two 30 V supplies

are connected in series to attain this magnitude of voltage.

Three +5 V supplies are used throughout: the ser?o system, One is located
Qithin the servo cabinet and provides all +5 V requirements for the

cabinet. This cabinet power supply is rated at 8.0 A. Each of the two-encoder
ﬁairs and digital translators have dedicated +5 V power supplies on the

scanner tower. This is necessitated by the encoders requiring 500 mA each
plus 500 mA for the translator. To transport this power from the cabinet while
keeping the voltage drop at less than 100 mV would not have been practical cver

the distances involved. These encoder power supplies are rated at 3.0 A.

The +15 VDC and -15 VDC supplies are part of a dual supply unit, each half of
which is rated at 1 A, They are located within the servo cabinet and provide

+ 15 VOC to circuits within the cabinet only.

The power amplifiers require a nominal supply voltage of 60 V which is
provided by serially connected 30 VDC supplies. The peak current that could
be required from this supply if both motors were accelerating simultaneously
is 12 A. Each of the serially connected supplies is rated f6r214 A and

is adjustable from 24 to 36 V. In this application each supply is adjusted
io +30 V with the overvoltage protection set to trip out at 32.5 V. This

protects the power amplifier whose upper voltage 1imit is +65 V,

2.8.7 Protection Features

Several protection features were incorporated in the electronics design.

Important among these features are the following:
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a. Travel Limits - Four distinct travel limits exist, namely in the +X, -Y, +Y,

and -Y directions. The circuitry is configured so that upon actuating

"f. any one of the four limit switches, circuitry is activated to prevent

1 input to the power amplifier of any signal that commands the scanner to
continue in the direction it was traveling when the limit switch was

actuated. The circuitry will, however, accept the reverse polarity so

that it can drive the scanner away from the encroached upon travel limit.

If the scanner were under computer control when it entered a travel limit,

S O b bnca b o i

g j the servo system reverts to local control in the velocity mode. It will
remain in the local mode until the travel limit reset switch is actuated.

‘ The object is that the computer, under a normal circumstance, should

Sl e R e

not drive the scanner into the limits and the reason that it did so

should be evaluated prior to handing control back to the computer.

When the servo is driven to a limit, a signal is sent to the computer
o indicating which of the four limits is violated. Additionally, a lamp
{1luminates on the servo panel indicating that the scanner is in a limit

; and another lamp indicates the specific limit involved.

b. Servo Ready - Comparator circuits munitor each of the four OC voltages
used in the servo system, If any of the four voltages rises or falls

U outside a specific "window" of acceptable values, the Servo Ready Signal to
the computer goes low and the servo is disabled.

c. Remote Control - The computer can only obtain control of the servo

if the following four conditions are met:

1) The Servo Ready Signal is high.

2) The scanner is not at a Travel Limit.
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d.

e,

3) The Servo Local/Remote switch is in the Remote Position.
4) Remote Control is specifically requested by the continuous
presence of a signal from the computer.

Overspeed Protection - Failure modes can occur that cause uncontrolled

runaway of the servo motor. Among these are power amplifier mal-
functions, tachometer failure, electronic failures that cause open

loop conditions, etc. Many cf these failures cannot be sensed or con-
trolled by the computer; therefore, it is necessary to employ another
means of runaway protection. In this servo, the protection i, provided
by the armature relay circuits {discussed under the power amplifier para-
graph) and comparator circuits to sense overspeed by monitoring the
tachometer voltages. Two integral tachometers are employed on each

drive motor and the rate electronics are scaled so that normal loop
gradients occur only when both are functioning properly. If either

(or both) tachomater senses overspeed (greater than 15 c¢m/sec in X,
greater than 60 on/sec in Y), the armature relay circuits are deactivated,
interrupting motor current and placing a short circuit across the motor
armature. This shutdown condition remains until the shutdown reset
switch is activated. The use of two tachometers greatly reduces the
possibility of a single tachometer failure causing a runaway mode with

no capability for detecting the resulting overspeed condition.

Shutdown - In addition to overspeed initiating the interruption

of the armature circuit, the computer can command the shutdown
action to be initiated. If any OC voltage goes out of 1ts assigned
"window" of values, the shutdown action also occurs. As in the
case for overspeed, the shutdcwn reset switch must be activated to
restore normal operation,
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f.

Excess Error Indication - If the position of the scanner is differ-

ent from the local command position by more than approximately 25 cm
an appropriate lamp illuninates, indicating that either

a positive or negative position error exists. If it is dezired to

go from Local Velocity to Local Position Control, the operator should
turn the position control knob until the lamp is extinguished. At
that time, Position Mode can be attained and the scanner will not make

an excursion of more than 25 c¢m.

This feature reduces the possibility (when switching from Local
Velocity to Local Position Control) of causing large position changes

at high speed in either axis.
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Section 3
COMPUTER PROGRAMS

3.1 Computer System

The computer system consists of an Interdata 8/32 computer with 768K bytes of
memory, a magnetic tape, 76M byte disk storage, a hardcopy console (called a
Carousal), a CRT console, and special-purpose hardware interfaces. Figure
3.1-1 shows the computer system block diagram and Figure 3.1-2 shows the

physical arrangement.

Four of the six special-purpose hardware interfaces use the Interdata
Universal Logical Interface (ULI) board. This board contains standard

logic to communicate with the Interdata 8/32 computer and has an area where
RCA incorporated the unique hardware logic to interface with the

particular functional unit,

One of the ULI interfaces iS used by the computer program to select the test
frequency. Another ULI interface is used to switch the four channels. A
third UL] interface is used to speci{fy the beam position to the beam steering
controller cabinet. The fourth ULI inierface {s used to read the probe

position and status. By reading the probe's position at a specified rate,
the computer program calculates the probe's velocity and can transmit a

velocity correction to the servo control unit to control the probe's movement.

The other two interfaces are A/D and 0/A standard Interdata hardware units.

The A/D {s used to read an amplitude and phase for each selected frequency,
beam position, and channel.
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PRINTER PROCESSOR
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CRY
TERMINAL

-‘:“

Figure 3.1-2, Interdata 8/32 Computer System,
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3.2 Computer Program Architecture

The computer programs are structured into subprograms and implement the
test system requirements by providing five mcdes of operation. Each mode

provides a specific operational capability. The modes are

a. Immediate Command Processing
b. Plan

¢. Scan

d. Data Reduction

e. Calibration

Figure 3.2-1 shows the computer program architecture and subprograms.

3.2.1 Immediate Command Processing {ICOM)
The Immediate Comwnd Processing mode provides the test conductor with a

manual control of the test system to perform the following functions:

a. MNove the probe to a specified position.
b. Select a frequency.

¢. Select a beam position,

d. Select a channel.

e. Read amplitude and phase.

f. Stop probe movement.

The test conductor is able to use these comsands to assist in the antenna

installation and checkout prior to the actual data scan and data processing.

The Imnediate Command Processing (1CON) subprogram interfaces with the
operator. The PROB subprogram is called by ICON to move or stop the probe.
SHCH 1s called by ICOM to switch to a specified frequency, Leam position, or
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channel. AMPH is called by ICOM to read the amplitude and phase. These

three subprograms are also used by the SCAN mode.

3.2.2 Plan
The Plan mode is used by the test conductor to cefine a complete scan

scenario for later use. The parameters specified are

a. Frequencies (specify up to 10).

b. Scan Area (specify in terms of X and Y).

c. Scan Spacing (specifies number of data points).
d. Antenna Beam Positions (specify up to 10).

e. Scan Type (two types of scan: (1) beamformer alignment or
(2) pattern and/or beam-pointing accuracy).

The test conductor specifies. thesa parameters and gives each scenario a

name. The computer program will store the-scan scenario on disk to be.

called up by its name. Many scan scenarios moy be stored on disk. Plan

also allows the test conductor to call up a previous scan scenario and

make modification or delete the scenario Yrom the system. This mode

pernits the test conductor to prepare’for & scan anytime prior to its use.

3.¢.3 Secan

The Scan mode performs an automatic scan as specified by a particular scan
scenario, The computer program reads the scan scenario; calculates the
scan rate; controls the probe movement; switches frequencies; bean

position, and channels; and reads amplitude and phase data.

The Scan also parcels the data into unique data arrays; wach array contains

the amplitude and phase data of al) data points for a frequency, beam
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position, and channel. These data arrays are stored on disk ready for the

Data Reduction mode to process them.

During a prohe scan at each data peint, the software automatically switches

all channels for each heam position and for each frequency specified in
the scan scenario. A maximum of 100 phase and amplitude data arrays (i.e.,

frequency i, beam position k, and channel j) can be read at each data point.
After a scan is completed, the operator is notified.

3.2.4 Data Reduction

The Data Reduction mode processes the data arrays collected by the Scan mode
and produces antenna pattern data containing gain, sidelobe levels, and othes
parameters, beam pointing accuracy data, and beawformer alignmeht datz. The
Near-to~?er»Fie1d transformation is the FARFLT program supplied by the

" National Buiraau of Standards and adapted to the Interdata operating system,

The operator may request the following classes of outputs:

a. Pattern Data Amplitude . - Contour
10009 x 1000 or - Lire cuts inadirection
200 x 209 Field of Viev  ~ Line cuts in p direction
« Local maximums

b. Beam-Pointing Accuracy - Accuracy data and error slopes
¢. Beamformer Alignment - Elevation waveguide correction
- Azimuth waveguide correction
- Transmit waveguide corrections
- Monopulse channel corrections
Pattern data is processed one data array at a time. Beam-pointing accuracy

data ar2 processed using one frequency and one beam position at a time and
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all three receiye channels. Beamformer alignment processes all frequencies,

beam positions, and channels for one waveguide correction output.

The test conductor may select either one data array at a time for pattern

and beam pointing accuracy or select all data arrays. The Data Reduction

Executive subprogram interfaces with the test conductor to receive the
processing type, read the data array into memory, and call the apprcpriate
subprogram to process the data. The first subprogram called by the Data

Reduction Executive is the Near-to-Far-Field conversion (FARFLT) subprogram.

The test conductor also selects the type of processing to perform; these are

PATTERN (Pattern Data Processing), AQUAL (Beam Pointing Accuracy Data

Processing), or BFAL (Beamformer Alignment).

tacn data processing type queries the test conductor asking for specific

information to perform {ts particular data processing.

3.2.5 Calibration
The Caltibration mode aids the test conductor in assessing the operational

readiness of the antenna and directs the measurement system calibration.

As the test conductor completes each {nstruction, he reports the task
completed to the computer terminal, reads the resulting data, and instructs
the computer to proceed. This continues until the calibration sequence s
completed and all results are printed. Specific measurements {nclude an
oversll measurement system integrity check, including dynamic range, amplitude
Vinearity, and phase linearity.

s oot e 7 AT 8 N




In addition, calibration moves the probe in front of a standard calibration
horn and reads the amplitude and phase. This data is used to calculate
and store a calibration parameter of the probe using the standard calibration

horn. This calibration data {s used in subsequent data reduction.

The Calihration mode also accepts from the test conductor system parameters

used by more than one mode. These are

a. ldentify a probe location by a name. This allows the test conductor
to refer to the name at a Tater time and request the system to

move the profie to that location.

b. Identify the surface location of the antenna with respect to the

scanner surface,

c. Input the parameters that go into the equation to calculate gain,

such as the probe reflection constant.

3.2.6 Software Memory Usage

Figure 3.2-2 shows the Interdata 8/32 memory usage for each mode of'oaeration.
Note that all modes have ample spare memory for future use. Of particular
interest is the (ata Reduction memory usage. The date array being processed
{s totally core resident which el {minates disk activity and {ncresses com-
puter effictency. The four Data Reductfon subprograms, FARFLY, PATOSY,

AUAL, and BFAL, are overlaid into the same memory area for'execution.

3.3 Typical Mode Scenario

To help the reader in understanding the use of system modes, this section
describes a typical oparational scenarto. |
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The test conductor supports the installation of the antenna into the test
fixture by using the Immediate Command Processing mode to read amplitudes
and‘phases at.specjfic frequencies, beam positions, and channels. After
installation, the Céiibfation‘mode is Qsed td calibrate the measurement

system.

Once the antenna is ready to be tested, the test conductor initializes the
system using the Calibration mode. He inputs into the system the probe position
where the standard calibration norn is located, defines the array location

with respect to the scanner area, and requests the Calibration mode to take

a reading of the standard calibration horn and store the respective calibration

parameters for use during the scan.

Prior to running the actual scan, the test conductor selects or defines the
scan scenario using the Plan mode. He may create a new scan scenario, review
an existing scan scenario, and either modify it to fit his needs or decide

it is correct as is.

The Scan mode then automatically performs the scan by calculating the scan
rate; controls the probe movement; switches frequencies, beam positions,

and channels; and reads the amplitudes and phases at each data point for
each frequency, beam position, and channel. Scan organizes the amplitude
ahd‘bhasé'daté into data arrays and stores them on disk. Each data contains
the amplitude and phase of every data point for a frequency, beam position,

and channel.

When the scan 1s completed, the test conductor is notified.

101



The test conductor next uses the Calibration mode and performs a postscan
-calibration reading of the standard calibration horn to confirm that the drift

of the calibration parameters is within tolerance.

Data redurtion is the final mode used. -Appropriate commands are entered into
the computer to perform Pattern and Beam Pointing Accuracy data reduction.
The data is printed and plotted on hard copy, and is compared to preprogrammed

acceptance criteria for the accept-reject decision.

3.4 Data Reduction Qutputs

The Data Reduction programs for pattern and beam pointing accuracy came from the
AAPDAS system used for the checkout and acceptance testing on the AEGIS EDM-1 and
the EDM-3C arrays and were adapted to the Interdata 8/32 computer. This section

identifies the type of data produced and shows some examples.

Sy

The Data Reduction outputs are

a. Pattern Data - Amplitude contour plots, principle 1ine cut plots in

and 'directions, and local maximum printouts. Figure 3.4-1 shows a
principle plane cut. (Note added in proof: This example of output has

been deleted.)

_b. Beam-Pointing Accuracy - Monopulse curve with tabular data that con-
tains: (1).£he'standard deviation of the beam position with respect to
the commanded beam position, (2) the mrnopulse error slope, and (3) the
total error which combines the error of the beam position and the vari-
ance of the error curve. Figure 3.4-2 shows the monopulse error curve.
(Note added in proof: This example of output has been deleted.)

c. Beamformer Alignment - The waveguide corrections for each subarray in

elevation, the azimuth waveguide corrections, and the transmit beam-

former waveguide. Figure 3.4-3 shows the waveguide correction report.
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Figure 3.4-1 is an example of a line cut in the « direction. The operator
selects a constant 8 direction and specifies the « window in degrees. The
system prints each data point within the « window. Three windows are
available: 29, 20°, and 1009,

After looking at the line cut, the test conductor can request a local maximum
chart which shows the local maximums starting at a test-conductor-specified
decibel level. For example, the test conductor may look at the Figure 3.4-1
line cut and request a lTocal maximum chart for all local maximums above

-32 dB.

The local maximum will then print out an entire antenna scan and place an “X*
at every location that is a local maximum above -32 dB. Along with the "X* the
actual amplitude will be printed to an accuracy of .1 dB.

A test conductor request for a Beamformer Alignment data reduction run will
result in an ocutput as shown fn Figure 3.4-3, If al) waveguides are within
tolerance, 2 printout of the words “Installation Report” will be produced.

In Figure 3.4-3, the elevation waveguide correction chart shows either a
string of eight “*s” or a number, The eight "®s" {indicate the subarray
waveguide {s within tolerance. The number indicates the elevation subarvray
must be adjusted by the value of the number in centimeters.

For more details concerning the data reduction outputs, the reader is referved
to the computer programs documentation summarized in this report as Appendix A.
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3.5 Computer Program Documentation

(Note added in proof: The computer program documentation is 1isted inTable 8-2p. 120.)
The Program Performance Specification (PPS) defines the system requirements

the computer program is to perform. The Program Design Specification (PDS)
defines the top level software design and defines the subprograms. A Program
Design Description (PDD) defines the detailed design of each subprogram. It

contains a design nmarrative, data description,and flow charts of the subprogram.

The Acceptance Test Plan describes the acceptance test requirements to
demonstrate that the requirements contained in the PPS are met. Also, there is
an Acceptance Test Procedure that is the step-by-step actions to execute the

tests cov .afned in the Acceptance Test Plan.

The Program Package is the delivered software and consists of a magnetic tape

of tha subprograms source code and a compiled source listing of each subproaran,
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Section 4
CONCLUSIONS AND RECOMMENDATIONS
The scanner/servo as configured, fabricated, assembled, aligned, and calibrated
has been demonstrated to satisfy all requirements imposed, and appears to be

eminently suited to the intended task.

The scanner coverage area, velocities, and accelerations in conjunction with

.available overtravel are as specified. Scanner errors (per Table 2.7-1) are

approximately one-quarter of the allowed errors; thus the existing scanner can
be used to test higher RF frequency antennas with the X, ¥, Z positional

accuracy achieved.

The errors measured for the existing unit can be further reduced at the cost
of additional time and effort for aligning the data rack gears as well as the

X-axis linear bearing shafts,

One of the critical geometric propertias of the scanner s the rallp of maximum
scanner hgight to minimum distance between the X-axis bearings or tower aspect
ratio. From Figure 2.4-1, the aspect ratio of the system is
N+Y +3§
bd. = 3.8
It appears that the selected aspect ratio is somewhat conservative and could

be increased to the range of 4.0 to 4.5 for a positional accuracy of 0.030 in.

The incorporation of the rate control servc loops offers significant advantages
in ability to control system dynamic errors and operatichal smoothness. This
feature, in conjunction with rack and pinion drive gearing and the use of one
articulated linear bearing in each axis, results in 3 highly satisfactory |

scanner/servo system,
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The rail support system as implemented has performed well. However, a consider-
able investment in bearing shaft alignment was required, thus investigation
of support designs direcied to reducing alignment time (without sacrificing

X support stiffness) is warranted for future builds.

After aiignment of the X axis bearings, the X axis was subjected to frequency
response tests up to 200 Hz with a high amplitude resonance observed at

118 Hz. This resonance was sufficiently severe as to misalign the vertical
plane of the primary X-axis bearing shaft, thus, frequency response tests should
be limited to 15 Hz after X-axis bearing shaft alignment.
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APPENDIX B
ENGINEERING DRAWINGS AND COMPUTER PROGRAMS

This document, NAVSEA MT $-475-77 (NOSC TR 499) will be available from the
Defense Technical Information Center.

RCA-developed engineering drawings and computer software documentation
are listed in this appendix as tables B-1 and B-2. Copies may be obtained from NOSC (a
reproduction charge may be assessed). Drawings are available from Code 9241, Electrical
Design Branch; software from code 9122T, Customer Services & Administration Branch;
Naval Ocean Systems Center, San Diego, CA 92152.

ENGINEERING DRAWINGS

The engineering drawing set obtained under the MT contract consists of some 175*
sheets of drawings consisting of:

4 Page drawing list 8%2 X 11 inch.
101 Mechanical drawings of various sizes up to 30 X 42 inch.
12 Page workmanship specification, basic 8% X 11 inch.
58 Drawings servo system various sizes to 30 X 42 inch.

A detailed list of drawings is given in table B-1. The drawings are segregated into four
hierarchical levels indicated by the number of triplet blanks ahead of the drawing number,
Several of the drawings consist of more than one sheet and the number of extra sheets is
listed. The number breakdown by hierarchy and extra sheets is:

Hierarchy I 2 3 4 extra sheets
Number ] 2 71 25 60

The drawing titles are given. The drawing numbers are those of the RCA drawing
library and serve only for identification purposes.

Except for those who may wish to make a complete duplicate of this system, many
of the drawings need not be consulted. For the mechanical structure the second hierarchy
assembly drawing 8364786-501 (the SO! indicates an assembly drawing) consisting of eight
sheets is rather complete in itself und references most of the remaining drawings in its parts
list. For the servo system the 35 sheets of logic diagrams probably describe most of the
functional characteristics of the electrical servo system; however, in normal operation, the

servo loop is closed through the computer so that the appropriate portions of the software
package should be included also.

*The RCA deawing file is kept on aperture cards (basically & microfilm system). Reproduction of
drawings at NOSC is by Ozalid machine so that the non-reproducibje copy and the reproducible copy
prepared by RCA differ in sizes and perhaps number of shaets, The NOSC review was mude on the

. non-reprouucible copy and numbers of shoets givan apply to that copy.
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RCA Drawing No.
8145596-501

~--8364786-501
______ 8145388
8145398
8145399
8145584
8145585
8145586
8145587
8364773
8364779
8364787
8364790-501
--------- 8145395
’ 8145396
8145397
8668030
8668031
8739648
8739649
8739660
8739664
8739665
8739666

Table B-1

DRAWING LIST: PROGRAMMED SCANNER
(SCANNER/SERVO)

HIERARCHICAL TOP DOWN -~ BREAK DOWN
Page 1 of 5

Title
Programmed Scanner (Scanner/Servo Subsystem)
Near Field Scanner

Bracket

Cable Assembly

Shaft

Stow Pin Assy. - X-Axis

Stow Pin Assy. - Y-Axis

Nut Plate |

Retainer

Beam

Tower Assembly

Frame Assembly

Motor Tachometer-Near Field Scanner
Retainer Bearing

"Cover

Cover

Housing

Housing

Gear ~ 48 Teeth Pinion

Gear - 22 Teeth Pinion
Shaft

Spacer
Retainer -~ Motor

Extension Ring

1o

Extra Sheets

2

O O O ©o© O o O o v

[~ I

o O

©O o o ©o 2 © o o

o ©
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Extra Sheets
-—-8364786-501 (Con't) Page 2 of 5
' [ — 8668003 Shaft 0
. 8668015 Support (Gear Rack) 0
\ 8668016 Support (X-Axis Encoder Rack) 0
‘ . 8668018 Plate Assembly 0
, 8668026 Stop 0
' 8668028 Mount Assembly ¢
; : : 8668032-501 Encoder Assembly 0
- - 8668023 Plate, Mounting 0
i 8739642 Hanger 0
------ 8668046 Support, Shaft 0
8668172-501 "Y" Junction Box 2
- www=8145512 Plate 0
_ | 8145513 Support 0
8364951 Logic Diagram "{" Carriage Junction Box 2
8668050 Can 0
' 8739703 Bulkhead 0
" 8739704 Can 0
f mmm===8663177~50) Junction Box X~Axis 1
Y cmmmeuemn8364953 Schematic Diagram - X~Axis Carriage Junction Box 1
i 8739702 Box, Tarminal 0
2‘, —eewen8739627 Rack, Gear (Motor Drive) 0
| 8739643 loler, Stop 0
8739644 Shield, Dust o
8739646 Shield, Dust 0
8739650 Bushing (X Y Axis Rod Bearing) 0
1




G

Extra Sheet

-~-8364786-501 (Con't) Page 3 of S
------ 8739652 Bracket (Y-Axis Micro Switch MTG) 0
8739653 Bracket (Y-Axis Rod Bearing Support) 0
8679655 Yoke (Y-Axis Rod Bearing) 0
8739656 Yoke (Y~Axis Rod Bearing) 0 ‘
8739657 Screw, Shoulder (X Y Axis Rod Bearing) 0
8739659 Plate, Mounting Assembly 0
8739668 Support, Pulley 0
8739669 Retainer, Cable 0
8739670 Bracket 0
8739671 Guide . 0
8739672 " Counter Weight 0
8739673 Plate Assembly 0
8739674 Angle 0
8739675 Bracket Assembly 0
8739676 Bracket o 0
8739677 Plate 0
8739678 Ramp 0
8739679 Support Assembly 0
8739680 Bracket 0
8739681 Bracket 0
8739682 Support 0 ;
8739683 Bracket 0 ;
8739684 Plate, Mount Assembly 0 ;
8739701 Support, Cable 0 .
8739705 Cover, Terminal Box 0
8739783 Stow Bracket, Y-Axis 0
8739784 Stow Bracket, Y~Axis 0
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~---8364786-501
------ 8739785
8739786
8739787
8739790~501
———eeee==8364953
8739697
8739698
8739699
------ 8739792

(Con't) Page 4 of 5
Stow Bracket, Y-Axis
Stow Bracket, Y~-Axis
Drip Pan

Junction Box, X~Axis
(REF)

Plate, Mounting
Bracket

Support

Near Field Scanner Cable Assy Definition
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8145596-501
---8668170-501
venue=-8278095

8278096

8364788

' 8364789

8364908

Ry

S e

8364950

| 8364952
8364954
8668167
8668168
8668169

8668171

8668176

(Con't) Page 5 of 5
Cabinet Assy (Servo)

Near Field Scammer Cabinet "WIRE LIST"
{connection)

Near Field Servo Control Unit "WIRE LIST"
(connection)

Schematic-Near Field Scanner (Front Panel)

Logic Diagram - Servo Control Unit for Near
Field Scanner {(Platter)

Logic Diagram - Digital Tramslator and DAC
(Platter 3)

Block Diagram - Cabinet Wiring

logic Diagram - Power Amplifier Chassis

Logic Diagram - Near Field Scanner - (19 Sheets)
Panel, Servo Control Unit

Panel, Circuit Breaker

Panel, Front

Panel, Top

Panel, Servo Cont.
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COMPUTER SOFTWARE

A block diagram of the hardware part of the “Automated Test System for Phased
Array Antennas” is shown in figure B-1. The antenna under test is supplied by the AEGIS
program. The programmed scanner is supplied by a portion of the Manufacturing Technol-
ogy (MT) contract. The remaining hardware is supplied by RCA. This hardware does not
function together without a set of computer programs (software) stored in the computer.
Much of the software is supplied under the second portion of the MT contract. The re-
quired software is enumerated and discussed in the following.

Antenna Under Test

The antenna under test has three mechanical sections: 1) the antenna face array
assembly, 2) the antenna position programmer (earlier called the beam steering computer),
and 3) the array power supply and support system. Whether all three sections will be
exchanged from one production unit test to the next is a matter of choice. If there is soft-
ware within the antenna position programmer it is excluded from this discussion. There is
however, a set of software, TABOR (Testing of the Array and Beam Steering Computer
Operational Readiness), which is resident in the tost system computer and is included as
part of this discussion.

Provision is made for a set of test points in the hardware of both the array and the
antenna position programmer which will indicate malfunctions of the equipment. In
shipboard application these points are periodically monitored by the Data Acquisition
Converter (DAC) for the Operational Readiness Test System (ORTS) and appropriate
diagnostic messages generated if some of the readings are out of tolerance. TABOR is the
test system substitute for ORTS. There is no sense in tosting a malfunctioning antenna face
30 TABOR is consulted betore testing is started.

TABOR is not part of the MT supplicd software and is not included in the Program
Package (PP) nor is there a Program Description Document (PDD) for it.

The Software System

The Interdata 8/32 computer comes with a basic package of software which includes
an operating system (OS/MT 32), a FORTRAN VI compiler, and a library of standard
functions. Almost any other make of equivalent computer would have an equivalent pack-
age supplied with it. Normally, this basic package may be assumed to be error free with no
modifications to be expected. (There may be a few vxceptions), No further mention of this
basic software will be made and the following software will finish with the generation of a
FORTRAN VI symbolic program which constitutes the Program Package (PP),

The software system to be described will automatically take a wide sslection of data
sets (various frequencivs, beam directions, antenna ports, etc.) as instructed through the
keybourd with the PLAN program. A given selection is retained under a name and can be
recalled casily. Other seloctions with other names will normally also be resident in the
computer memory. The complete definition of the action of the test system must include
the nazne of the pertinent stored solection.

The remaining software system is block diagramed in figure B-2. Aside from
TABOR and (OS/MT 32) there are 14 subprograms which constitute the Program Pactwp
(PP), version 0.1, supplied under the MT conteact. Each of these subprograms has o
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revision number appended to the listing. It is expected that there will be revisions of the
various individual subprograms. When, for quality assurance reasons, the package is to be
redocumented the updated package will be given a new version number and a copy will be
preserved.

] The MT supplied software documentation follows a “top-down’’ programming

{ concept of four hierarchical levels: 1) Program Performance Specification (PPS), 2) Pro-

v gram Design Specification (PDS), 3) Program Description Document (PDD), and 4) Program
Package (PP). The relationship between these documents are shown in figure B-3. The
contract descriptions of these documents were taken from SECNAVINST 3560.1 “Tactical
Digital Systems Documentation Standards” with minor modifications. The PPS covers the
overall required functioning of the system in terms of the four main program functions:

1) Pretest, 2) Calibration, 3) Data Measurement, and 4) Data Reduction. The PDS breaks
this down into 15 subprograms and an interface table, (see table 3.1-1 on pages PDS-7 to 10).
The PDD has a section for each subprogram and goes into specifics (much of it has to do
with specifying logical subprogram reaction to specific exceptional circumstances). The PP
is a magnetic tape record of the FORTRAN symbolic code (including comment cards)
accompanied by a printed listing of the code supplemented by a listing of variatles used in
each listed subprogram and subroutine. (The variable listing is for review convenience and
is derived from the compile processing of the FORTRAN code and is not strictly a part of
the PP),

There are some exclusions from this documentation. TABOR is not in the PP and
there is no PDD forit. FARFLT, PATSDY, and AQUAL are adaptations of previously
deveioped codes and no PDD was developed for them, FARFLT came from a program of
A. Newell of the National Bureau of Standards, Boulder, Colo. PATSDY was developed for
the presentation of far-field data from the earlier qualification tests of the SPY-1 antenna
face. AQUAL computes the beam pointing accuracy from far-field data and was previously
developed.

What has been available from NBS for example, is the equivalent to the PP only.
Many of the technical community will not be familiar with a PPS, PDS, and PDD,
. SECNAVINST 3560.1 specifies a rather rigid format for these documents which results in
' cach section numbered by a set of sometimes seven subscripts separated by periods.
Generally the subscripts are single digit. These subscripts have to be watched very care-
fully in reading these documents as their importance is not equally distributed and a given
subscript does not retain the same meaning throughout the document. For example, the
bulk of the documents has the first subscript equal to three. The last subscript often refers
to the subprogram and the preceding section subscript pertains to an aspect of that sub-
program specified by the carlier subscripts. Since the ordering of the sactions in the docu-
ment is determined by the ordering of the subscripts as though the subscript string were a
fancy digital number this results in a cycling through all the subprograms before the next
aspect of the given subprogram is taken up. For the uninitiated a different ordering of the
sections would make the documentation more readable,

The concept of “top down" programming is somewhat misleading in that the nature
of the logic presentad implies that programming can be a linear process. No one with
experience seerns to believe that programming can be a linear process. No one with ex-
perience scems to believe that programming is ever accomplished except by an iterative
cyclic process and that sfter it is finished it can then be described in the documentation as
though it had been donc linearly. It is quite true that attempting to program linearly often

L Ml . o
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TABLE B-2
COMPUTER PROGRAM DOCUMENTS

Hierarchy, Sub-Program Pages RCA Document. Number
PPS 159 ANFATS-SP-0002
PDS 18 ANFATS-SP-0003
POD
Data Base Design 2 ANFATS-SP-0024
ANFP a2 ANFATS-SP-0006
1COM 27 ARFATS-SP-0007
PLAN T ANFATS-$P-0008
SCAN 5§ ANFATS -SP-0009
PROB | 47 ANFATS-5P-0010
SWCH ‘ 30 ANFATS -SP-0011
ANPH : o FY) . ANFATS~SP-0012
DREX 47 ANFATS-SP-0013
BFAL . ‘ 7 o ANFATS-SP-0017
EALB S 84 ANFATS-SP-0018
CREC o 50 ANFATS-SP-0019
FARFLT o -
PATSDY | o -
AwAL -
T s
pE Nagnetic Tape. " ANFATS-SP-0023
' Listing 1s about -
800 pp
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reduces the number of cycles of itcration needed. Another procedure which reduces itera-
tion is to test the program with simulated input to see if it gives the expected output. The
programs in version 0.1 have all been tested by simulation. Since these programs have not

been tested with real-life inputs it may be wiser to think of version 0.1 as being in the first

cycle of iteration rather than being the final product so that revisions (probably minor) are
to be expected.

As part of the information dissemination aspect of the MT contract, copies of the
software documentation will be made available from NOSC. All of the software documen-
tation (with the exception of the PP magnetic tape) is on 8% by 11 inch sheets. An index
list of this documentation is given in table B-2 along with the number of pages.

Results of Documentation Quality Review

The NOSC software quality Control branch has given this software a partial but
representative review® using the procedures of NOSC Technical Note 412 (C. O. Anderson
! May 1978). These procedures essentially examine the documentation for internal con-
sistancy. Errors are referred to the software manager for analysis and remedy.

Roughly one such error was found for every 2-3 pages of documentation. Many of
these errors do not imply that the PP software does not function properly but that there is
misplaced or missing information in the documentation.

This review was made after the close of the MT contraet so that the NOSC docu-
mentation does not have these errors ramediod. :

The number of pages of software documentation is much larger than would normals
ly be prepared for laboratory software. For a trained enginger this could be very useful
and this frequency of error would be of minor concen. For someone of lessor skill the
total number of errors night prove a morass.

'*m.ammdum !’wm RO t wle V133 (P AL Rheé@s Softsare {uality i’.cau&} to NOSC Code 935.; '
{R. Gamnbdle, Manufactusing an&sgy Oifize) th Wy
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